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ABSTRACT 
Njamkou Ngasseu Noucti:  Nickel–Catalyzed Cycloadditions of Ene–Allenes 
(Under the direction of Erik J. Alexanian)  
 
Nickel–catalyzed reactions of alkene and allene π–components are reported.  Through 
ligand–controlled selectivity, a common intermediate can be diverted to four distinct reaction 
pathways:  (1) [2+2+2] cycloaddition reactions, (2) alkenylative cyclization reactions, (3) [2+2] 
cycloaddition reactions, and (4) cycloisomerization reactions.  The reactions utilize an 
inexpensive and commercially–available Ni–catalyst system with a diverse array of alkene and 
allene π–components to efficiently deliver stereochemically dense cycloalkanes. 
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NICKEL–CATALYZED REACTIONS OF ENE–ALLENES 
Introduction. 
Carbocyclic motifs are ubiquitous in biologically relevant compounds1 (Figure 1) yet can 
Figure 1.  Biologically–relevant carbocyclic compounds.	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be difficult to synthesize.  Methods for their efficient preparation are known,2 however they often 
require multistep syntheses, resulting in lower overall yields and ultimately leading to higher 
costs.3  Efficient routes for the selective synthesis of these complex carbocyclic structures would 
be of high value to the synthetic community  
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CHAPTER 1.  [2+2+2] CYCLOADDITION REACTIONS 
Background. 
  Perhaps the most well developed methodology for the synthesis of stereochemically 
complex six–membered rings is the Diels–Alder reaction (Figure 2).4  Though diastereo– and 
enantioselective processes have been reported, the application of this mode of reactivity to the 
synthesis of complex carbocycles remains limited by the electronic and steric constraints of the 
reactions.5   
A concerted [4+2] cycloaddition, the stereochemical outcome of the Diels–Alder reaction 
is dictated by orbital symmetry.5a, 5b  As such, the reacting orbitals must be electronically 
matched and consequently, the Diels–Alder reaction is typically limited to a select combination 
of substituents on the diene and dienophile reagents.  For example, although electron–poor 
Figure 2.  Electronic interactions in the Diels–Alder reaction.	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dienophiles react well with electron–rich dienes and vice–versa, the analogous reaction where 
both reacting partners are of the same electronic polarity is rare. 
Yoon and coworkers recently disclosed a mild, intermolecular, high–yielding Diels–
Alder reactions using traditionally incompatible substrates (Figure 3).6  The reaction proceeds 
via a radical–cation pathway and provides Diels–Alder products using electron–rich dienes and 
dienophiles, however, electron–poor dienophiles or electron–poor dienes do not react under these 
conditions.	   
Yoon also disclosed analogous radical anion hetero–Diels–Alder reactions using 
electron–poor substrates (Figure 4).7  However, formal [4+2] cycloaddition reactions with 
electron–poor 
dienes and 
electron–poor 
alkenes are rare.  
Multicomponent 
transition–metal–
COR2
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Figure 4.  Representative scope of radical–anion hetero Diels–Alder reaction.	  
Figure 3.  Representative scope of radical–cation Diels–Alder reaction.	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catalyzed cycloaddition reactions offer a complimentary approach towards the synthesis of these 
carbocyclic structures (Figure 5).   
 
 Interest in transition–metal–catalyzed [m+n+o] cycloaddition reactions dates back to 
1866.  Marcelin Berthelot, the French chemist and politician, reported that cyclotrimerization of 
acetylene could be achieved with high reaction pressures and temperatures (Figure 6a).8 The 
simultaneous formation of three σ bonds in one transformation was a significant synthetic feat 
for its time, however, due to the harsh thermal conditions required to effect the transformation, 
low yields and mixtures 
of products were 
obtained.  The German 
chemist Walter Reppe 
revolutionized this field 
in 1948 with the 
discovery that transition 
metal catalysts could be 
used to achieve the 
transformation under 
milder conditions (Figure 6b).9  Whereas Berthelot’s procedure required temperatures as high as 
400 ºC, Reppe used nickel catalysis to achieve a similar transformation at 70 ºC, obtaining the 
Figure 5.  Alternative synthesis of cyclohexanes using [2+2+2] cycloaddition reactions.	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product in 95% yield, albeit as a 1:1 mixture of regioisomers.  Acetylene cyclotrimerization is an 
exothermic process (ΔH = –142 kcal/mol)10 but without the aid of a catalyst, high temperatures 
are needed to compensate for the entropy of activation for the termolecular transition state 
required in the concerted reaction.  Though thermodynamically feasible, the uncatalyzed reaction 
is thus entropically disfavored.  In general, the termolecular transition state is avoided with 
transition metal catalysis, allowing the reaction to proceed under milder conditions.  Since 
Reppe’s revolutionary discovery, it has been demonstrated that cycloaddition reactions can be 
catalyzed by a variety of transition–metals, including Ti, Zr, V, Nb, Mo, W, Fe, Ru, Os, Co, Rh, 
Ir, Ni, Pd, Cu, and Au.11   Moreover, these reactions now enjoy extensive applications in 
chemical synthesis.12  A well known example of such an application comes from Vollhardt’s 
racemic synthesis of the 
hormone estrone using a 
key cobalt–catalyzed 
[2+2+2] cycloaddition 
reaction of acetylene 
derivatives (Figure 7).1ll 
Vollhardt 
proposed ligation of a 
coordinatively 
unsaturated cobalt species to the diyne moiety followed by an oxidative coupling to generate a 
Figure 7.  Vollhardt’s racemic synthesis of estrone.	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five–membered cobaltacycle intermediate (Figure 8).  Coordination and insertion of the third 
acetylenic component followed by reductive elimination completed the catalytic cycle and 
furnished the observed cycloaddition product.  The completed synthesis of estrone was 
accomplished in 21.5% overall yields and in six synthetic steps from commercially available 2–
methyl cyclopentenone. 
Since Vollhardt’s publication on the total synthesis of estrone in 1980, the area of 
cycloaddition chemistry has grown significantly with many investigators contributing to the 
field. For example, Evans13 and Shibata14 have respectively reported inter– and intramolecular 
Rh–catalyzed [2+2+2] cycloaddition reactions using one alkene and two alkyne components, 
furnishing cycloaddition products in high yields with excellent enantiocontrol (Figure 9).  
Despite the significant advancements that have been made, the great majority of [2+2+2] 
cycloaddition protocols rely heavily on the use of alkyne π–components, greatly limiting the 
stereochemical complexity generated from these reactions (Figure 10).	   
TsN
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Figure 9.  Rhodium–catalyzed [2+2+2] cycloaddition reactions using multiple alkynes.	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To fully realize the complexity–generating capabilities of cycloaddition reactions, 
investigators have sought to minimize the use of alkyne components, replacing them with less 
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electron–rich and consequently, less reactive alkene components.  In 1999, Montgomery reported 
Ni–catalyzed [2+2+2] cycloaddition reactions of ene–allenes and enones (Figure 11a).15  The 
reactions proceeded in good yields with modest diastereoselectivities, however only enone 
components were reported in the publication.  Using allenes as alkyne surrogates, the Alexanian 
group in 2011 published a Rh–catalyzed [2+2+2] cycloaddition method for the synthesis of 
trans–fused hydrindanes furnishing products in moderate yields and modest enantioselectivity 
(Figure 11b).16   To further maximize the potential of these reactions to rapidly and efficiently 
generate molecular complexity, we have developed [2+2+2] cycloaddition methods with ene–
allenes and external alkenes, achieving reactivity with a diverse array of alkene and allene π–
components to selectively furnishing cis–fused hydrindane products with up to five contiguous 
stereocenters (Figure 11c).17  Herein we discuss the results of our findings. 
 
Reaction optimization. 
 We began our investigation with malonate–tethered ene–allene substrate 1a, easily 
synthesized via sequential alkylation of diethyl malonate.18  It was quickly determined that slow 
addition of the ene–allene substrate would be necessary to prevent unwanted dimerization of the 
reactive allene functionality.19  Moreover, five equivalents of the external alkene were used to 
compensate for polymerization of this monomeric component.  To our disappointment, no 
reactivity was observed with either cobalt or rhodium catalysis; the former furnishing unreacted 
starting material and the latter leading to substrate dimerization.16  Using a more π–basic Ni(0) 
catalyst system resulted in the incorporation of the external alkene component (Table 1).  With 
Montgomery’s system (Figure 11a), however, no [2+2+2] cycloaddition product was detected; 
instead, the alkenylative cyclization product 3a was isolated in 44% yield as a single 
	   10	  
diastereomer (entry 1).  Using a more electron–withdrawing (entry 2) or electron–donating (entry 
3) monodentate phosphine ligand did not influence the chemoselectivity of the reaction, leading 
to a 55% and 86% isolated yield of the alkenylative cyclization product 3a, respectively.19  The 
results presented in entries 1–3 suggest that electronic factors do not contribute significantly to 
the product selectivity of the reactions.  To test this hypothesis, we modified the steric 
environment around the phosphine ligand and to our satisfaction, we discovered that the use of 
bulky monodentate phosphine ligands led to the selective formation of the desired [2+2+2] 
cycloaddition product as a single diastereomer (Entry 4–5).  The reaction is sensitive to heat and 
a significant drop in yield is observed at higher reaction temperatures (entry 5).  At these high 
temperatures, precipitation of Ni–black from the reaction mixture is observed and the lack of 
active catalyst in solution is a plausible explanation for the low yields obtained.   Although minor 
success was achieved with bidentate ligands (eg. BINAP), yields with bidentate phosphine as 
Table 1. Initial screen of Ni–catalyzed [2+2+2] cycloaddition reactions of ene–allene 1.	  
Entry
EtO2C
EtO2C
CO2Me
O
OtBu EtO2C
EtO2C
CO2Me
CO2tBu
Ni(COD)2
Ligand
EtO2C
EtO2C
CO2Me
CO2tBu
Ni(COD)2 
(equiv)
Ligand Ligand 
(equiv)
Solvent Temp. (°C)
2 3
Isolated Yield (%)
1
3b
2
4
0.25 P(4–FPh)3 1 PhMe 100 0
0.1 0.2 PhH 45 0PBu3
0.1 0.2 PhH 45 71P(2–MePh)3 < 5
0.25 1 THF 23 0PPh3
55
86
44
H
H
H
H
  (1 equiv)a   (5 equiv)
Solvent
Temperature
5 0.1 P(2–MePh)3 0.2 PhMe 100 14 0
a Ene–allene added over 0.75 hours; b Ene–allene added over 1.25 hours.
1a 2a 3a 
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well as non–
phosphine ligands 
were generally low 
(less than 15% 
isolated yields) and in 
certain cases, no 
reactivity was 
observed.   
We thus 
continued our 
investigation with a 
survey of bulky 
monodentate phosphine ligands (Table 2).  A general correlation between the cone angle of the 
phosphine ligand20 and the isolated yield can be observed.  Although the use of tricyclohexyl 
phosphine only resulted in trace formation of the [2+2+2] cycloaddition product, a 38% isolated 
yield was obtained with the 
bulkier tri–tert–butyl 
phosphine ligand (entries 
1–2). 
Trispentafluorophenyl 
phosphine, with similar 
steric properties to tri–tert–
butyl phosphine resulted in 
Table 3.  Exploring the addition time of ene–allene 1.	  
1 86
1.25 90
Entry Addition Time (hrs)
Isolated 
Yield (%)
1
2
3
0.75 71
EtO2C
EtO2C
CO2Me
O
OtBu EtO2C
EtO2C
CO2Me
CO2tBu
Ni(COD)2
P(2–MePh)3
H
H
  (1 equiv)   (5 equiv)
PhH, 45 ºC
2 684
1 2 
Table 2.  Ligand optimization of Ni–catalyzed [2+2+2] cycloadditions.	  
P(tBu)3 182 38
P(2–MePh)3 194 71
PMes3 212 64
Cy–JohnPhos 226 34
Entry Ligand Cone Angle (°) Isolated Yield (%)
1
2
4
5
6
PCy3 170 trace
P(C6F5)3 184 293
EtO2C
EtO2C
CO2Me
O
OtBu EtO2C
EtO2C
CO2Me
CO2tBu
Ni(COD)2
Ligand
H
H
 (1 equiv)a   (5 equiv)
PhH, 45 ºC
a Ene–allene added over 0.75 hours.
1a 2a 
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a 29% yield of the cycloaddition product 2a (entry 3).  Interestingly, even with contrasting 
electronic profiles, tri–tert–butyl phosphine and trispentafluorophenyl phosphine behave 
similarly in terms of both chemoselectivity and reaction yields, further illustrating the primary 
importance of the steric contribution of the phosphine ligand.  A 71% isolated yield is obtained 
with tri–ortho–tolyl phosphine and ligands with larger cone angles such as trimesityl phosphine 
and cyclohexyl Johnphos led to lower isolated yields of the [2+2+2] cycloaddition product (entry 
4–6).  Lastly, the addition time of the ene–allene substrate was explored (Table 3).  Significant 
amounts of substrate degradation was observed with an addition time of 0.75 hours, however, an 
improvement in yield was achieved by extending the addition time to 1.25 hours, resulting in a 
90% isolated yield of the cycloaddition product (Entries 1–3).  Slow addition of the ene–allene 
lowers the effective substrate concentration and lowers the rate of substrate dimerization, leading 
to more efficient  [2+2+2] product formation.  Without a sufficient amount of ene–allene 
substrate in solution however, the catalyst is unstable and eventually precipitates out of solution, 
leading to the lower reaction yield observed in entry 4.  Having thoroughly examined the 
reaction parameters, the optimal reaction conditions were identified as follows:  ene–allene 
substrate (1 equiv. added over 1.25 hours) and external olefin (5 equiv.) with Ni(COD)2 (0.1 
equiv.) and tri–ortho–tolyl phosphine (0.2 equiv.) in benzene at 45 ºC. 
 
Scope evaluation. 
Although malonate–tethered substrates worked best for this transformation (Figure 12, 
2b, 2f–2i), we were also able to demonstrate reactivity with oxygen– and nitrogen–tethered 
substrates (2c–2d).  Even simple carbon tethers which do not benefit from a Thorpe–Ingold 
effect21 were tolerated (2e), however, a higher catalyst loading was required to compensate for 
1 
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the lower reactivity of this substrate.  On the alkene component of the tethered substrate, 
acrylates (2b–2e, 2i) as well as styrenes (2f–2g) were viable substrates.  Even unactivated, 
terminal olefins participated in these reactions though without the bias of a substituent on the 
olefin, the resultant product was isolated as a 1:1 mixture of diastereomers (2h).  All other 
products were isolated as single diastereomers.  Acrylonitriles were unreactive and in sharp 
contrast to Montgomery’s 1999 nickel–catalyzed [2+2+2] cycloaddition reactions, neither were 
enones, with both substrates resulting in the quantitative isolation of unreacted starting material 
(2j).  Presumably these olefinic species are good ligands for nickel and strongly ligate to the 
metal center, 
preventing the desired 
product–forming 
reductive elimination 
step to occur.  
Crystallographic 
evidence for such a 
coordination was 
provided by 
Montgomery (Figure 
13). 22   The oxygen–
bound nickel enolate 
was also characterized 
by 1H and 13C NMR, 
elemental analysis, 
X
R
CO2tBu
Benzene, 45 °C
H
H
OtBu
O
10 mol % Ni(COD)2
20 mol % P(2–MePh)3
(5 equiv)
X
tBuO2C
CO2tBu
H
H
60% yield
X = C(CO2Et)2
X
CO2tBu
H
H
72% yield
50:50 dr
X = C(CO2Et)2
EtO2C
CO2tBu
H
H
52% yieldb
O
EtO2C
CO2tBu
H
H
41% yield
X
Ar
CO2tBu
H
H
51% yield
X = C(CO2Et)2
Ar = (4–CO2Me)C6H4
X
R
(1 equiv)a
TsN
MeO2C
CO2tBu
H
H
35% yield
X
Ph
CO2tBu
H
H
34% yield
X = C(CO2Et)2
X
R
CO2tBu
H
H
not observed
X = C(CO2Et)2
R = COMe, COPh, CN
X
CO2CH2CF3
CO2tBu
H
H
60% yield
X = C(CO2Et)2
a Ene–allene added over 1.25 hours; bRun with 30 mol % Ni(COD)2 and 30 mol % P(o–Tol)3.
Figure 12. Scope of ene–allene substrates.	  
2 
2b 2d 
2e 
1 
2g 
2h 
2b 2c 
2c 
2f 	  
2i 2j 
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and IR, with all experimental data supporting an O–bound enolate structure.  With certain 
external π–components, Montgomery demonstrated that insertion occurs to ultimately give 
carbocyclic products.  We propose that acrylate insertion does not outcompete enolate–
coordination and for this reason, we do not observe [2+2+2] cycloaddition products with enone 
substrates.  
 The reaction is 
also tolerant of a variety 
of external alkene 
components (Figure 14).  
Acrylates were viable 
substrates, giving the 
corresponding 
cycloaddition products 
in modest to excellent 
yields (2a, 2k–2m).  
Although high yields 
were obtained with tert–
butyl acrylate and 
2g 2h 
X
MeO2C
CO2Me
81% yield
X = C(CO2Et)2
X
MeO2C
CO2(2–Naphth)
 61% yield
X = C(CO2Et)2
X
MeO2C
CO2tBu
X
MeO2C
CO2CH2CF3
 90% yield
X = C(CO2Et)2
    37% yield
X = C(CO2Et)2
X
MeO2C
SO2Ph
74% yield
X = C(CO2Et)2
TsN
MeO2C
34% yieldc
X
MeO2C
27% yieldd
X = C(CO2Et)2
H
H
H
H
H
H
H
H
H
H
H
H
H
H
X
MeO2CH
H
Me
H
H
R1
R2
X
R
R1
Benzene, 45 °C
H
H
10 mol % Ni(COD)2
20 mol % P(2–MePh)3
X
R
1 equiva
R2
5 equiv
26% yieldb
X = C(CO2Et)2
a Ene–allene added over 1.25 hours; b run with 30 mol % Ni(COD)2 and 30 mol % dppb; 
c run with 25 mol % Ni(COD)2 and 50 mol % PBu3; d run with 25 mol % Ni(COD)2 and 100 
mol % P(4–FPh)3.
H
H
2a 2k 
2m 2n 
2p 
1 
2o 
2q 
2l 
2 
Figure 14.  Scope of external alkene.	  
O
Ph
[NiII]
O
Ph
[NiII]
O
Ph
Ni(COD)2
TMEDA
Figure 13. Evidence of an O–bound nickel enolate.	   O–bound enolate 
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methyl acrylate, less efficient reactivity was 
observed with electron–poor substituents on 
the ester (2l–2m).  Vinyl sulfone, an 
ethylene surrogate, also participated in the 
transformation (2n) and in addition, the 
reaction was also tolerant of styrenes (2o).  
With olefins less prone to spontaneous 
polymerization such as vinyl sulfone, the equivalents of the external alkene component could be 
lowered without significant reduction in the reaction yield (70% yield obtained using 1.5 
equivalents of vinyl sulfone, 61% yield using 1.1 equivalents of vinyl sulfone).23  Lastly, 
disubstituted olefins such as indene (2p) and norbornene (2q) were also tolerated, generating the 
observed polycyclic compounds with five contiguous stereocenters set with excellent 
diastereoselectivity.	   
 The stereochemical assignments were made using 2D NMR spectroscopy (see Appendix 
III for full spectra) and confirmed with an x–ray structure of the naphthyl derivative 2l (Figure 
15).24  The x–ray structure confirms the cis stereochemistry at the ring junction of the bicycle as 
well as the trans relationship of the ester and the ring junction. 
 
Mechanistic Discussion. 
 Similar to the work of Vollhardt11l, Montgomery14, and others12,13, we propose an initial 
coordination of the tethered substrate followed by an oxidative coupling to yield the cis–fused 5–
5 bicyclic intermediate 5 (Figure 16).  The nickel catalyst is oxidized to Ni(II) in the oxidative 
coupling event; coordination of the external olefin to the electron–deficient Ni center followed 
Figure 15.  Crystal structure of 2l.	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by 1,2–insertion of the olefin is 
hypothesized to generate the 
seven–membered metallacycle 6.  
The regiochemistry of the 
insertion is determined by the 
polarization of the alkene. 25  
Reductive elimination from 
intermediate 6 then furnishes the 
observed [2+2+2] cycloaddition 
product and regenerates the catalytic Ni species. 
 It has been demonstrated that bulky monodentate phosphine ligands increase the 
propensity of reductive elimination26 and similarly, we believe that the positive results obtained 
with bulky monodentate ligands (Table 1–2) are due to their ability to facilitate reductive 
elimination of intermediate 6.  We do not have insight into the relative rates of each step of the 
catalytic cycle, however, it is widely accepted that reductive elimination events between two 
carbon sp3 centers is challenging.27  It is of little surprise therefore, that facilitating this step of 
the transformation advantageously affects the overall efficiency of the reaction.   
 
Asymmetric [2+2+2] cycloaddition reactions. 
  For these studies, vinyl sulfone was used in place of tert–butyl acrylate.  The switch of 
the standard substrate to vinyl sulfone had a two–fold advantage.  Firstly, the presence of a 
chromophore facilitated analysis by chiral HPLC and secondly, the enhanced stability of vinyl 
sulfone allowed for, in certain cases, near stoichiometric use of the external alkene component.   
X
R
X
R
Ni0Ln
X
R
NiIILn
X
NiIILn
R2
R1
R
Oxidative 
Coupling1,2 Addition
Ni0LnX
R
R1
R2
Coordination
R1 R2
Reductive
Elimination
H
H
H
H
H
H
Figure 16. Plausible mechanism for Ni–catalyzed [2+2+2]  
cycloaddition reactions of ene–allenes and alkenes. 
6 
2 1 
4 
5 
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Figure 17. Ligand survey in asymmetric Ni–catalyzed [2+2+2] cycloaddition reactions.  
 
PPh2
PPh2
(R)–BINAPa
trace product
(R)–DIFLUORPHOSa
30% yield, 7.0% ee
O
O
O
O
F
F
F
F
PPh2
PPh2
(R)–SEGPHOSa
30% yield, 4.5% ee
O
O
O
O
PPh2
PPh2
O
O
(R)–MonoPhosa
trace product
P N
O
O
(S)–MonoPhosa
trace product
P N
OMe
PPh2
(S)–MOPb
33% yield, 2.9% ee
25% yield, 2.7% eec
P
(S)–NMDPPb
78% yield, 2.2% ee 
70% yield, 6.0% eec,d
P(4–MePh)2
P(4–MePh)2
(R)–tol–BINAPa
23% yield, 2.3% ee
O
O
(R)–N–benzyl–N–methyl MonoPhosa
no product formation
P N
Ph
EtO2C
EtO2C
CO2Me SO2Ph
EtO2C
EtO2C
CO2Me
SO2Ph
Ni(COD)2 (20 mol %)
Ligand (20 or 40 mol %)
H
H1 equiv 5 equiv
PhH, 45 ºC
or
PhMe, 100 ºC 74% when L = P(2–MePh)3
N
N
O
Isopropyl–PyBOXa
trace product
PPh2N
O
Ph
Oxaoline Ligand
trace product
P(3,5–CF3Ph)2
P(3,5–CF3Ph)2
MeO
MeO
MeO
OMe
(R) BTFM–Garphosa,c
no product formation
O
O
PPh2
PPh2
Me
Me
H
H
DIOPa,c
trace product
O
N
iPriPr
a Reaction run with 20 mol % ligand in toluene at 100 ºC; b reaction run with 40 mol % ligand in benzene at 45 ºC; c COD
ligand was reduced with a balloon of hydrogen gas prior to the introduction of substrates; d run with 80 mol % ligand in 
benzene at 45 ºC.
PPh2
PPh2
(R)–Phanephosa
31% yield, 4.4 % ee
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 Although efficient reactivity was obtained with bulky monodentate phosphine ligands in 
the racemic reactions (Table 1–2), the scarcity of commercially–available chiral monodentate 
phosphine ligands prompted us to begin with a screen of diverse chiral bidentate phosphine 
ligands (Figure 17).  Low yields were expectedly obtained but to our great disappointment, very 
low levels of enantioinduction were achieved.  The best results, obtained with (R)–difluorphos 
only gave a mere 7% ee.  (S)–Neomenthyldiphenyl phosphine, a chiral monodentate ligand, also 
did not perform well under our reaction conditions.  Hydrogenation of the COD ligand 28 prior to 
the introduction of the reaction substrates also had minimal impact on the enantiomeric outcome. 
The consistent low levels of enantioinduction obtained prompted us to run experiments in the 
absence of phosphine ligand (Figure 18).  Although there is a significant background reaction 
with tert–butyl acrylate, no reactivity is observed with vinyl sulfone.  The results imply that the 
external alkene component plays a dual role in these transformations, serving both as a substrate 
and ligand.  Unfortunately, poor reactivity was also observed with bicyclo[2.2.2]octane chiral 
diene ligands.  (Figure 19).  Nonetheless, it is evident from the results presented in Table 1 and 
Table 2 that the choice of phosphine ligand influences the yield of the reactions.  One possible 
explanation is that the external alkene and the chiral phosphine both serve as ligands at different  
EtO2C
EtO2C
CO2Me CO2tBu
EtO2C
EtO2C
CO2Me
COtBuNi(COD)2 (20 mol %)
H
H1 equiv 5 equiv
PhH, 45 ºC
36% yield
EtO2C
EtO2C
CO2Me SO2Ph
EtO2C
EtO2C
CO2Me
SO2PhNi(COD)2 (20 mol %)
H
H1 equiv 5 equiv
PhH, 45 ºC
trace product
(1)
(2)
Figure 18. Background [2+2+2] cycloaddition reactions in the absence of phosphine ligand. 
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points in the catalytic cycle.  However, the exact contribution of each cannot be determined at 
the present moment. 
 
Summary. 
 A novel [2+2+2] cycloaddition reaction of tethered ene–allenes and external alkenes 
using bulky monodentate phosphine ligands and an inexpensive nickel catalyst system has been 
developed.  Slow addition of the ene–allene substrate is necessary and the reaction performs best 
at lower temperatures (45 ºC).  The reaction is highly regio– and diastereoselective and 
efficiently builds three carbon–carbon σ–bonds in one step and can be used to generate up to five 
contiguous stereocenters in one synthetic transformation.  
  
Figure 19. Chiral diene ligands in Ni–catalyzed [2+2+2] cycloaddition reactions. 
 
EtO2C
EtO2C
CO2Me
EtO2C
EtO2C
MeO2C
Ni(COD)2 (10 mol %)
H
H1 equiv 5 equiv
PhH, 45 ºC
trace product
O
O Ph
O
O Ph
Ph
Ph (20 mol %)
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CHAPTER 2.  ALKENYLATIVE CYCLIZATION REACTIONS 
Background. 
 Chemical reactions that rapidly generate molecular complexity in an atom–
economical fashion are of high value in organic synthesis.    Of these reactions, transition metal 
catalyzed coupling reactions have emerged as one of the premiere methods for the preparation of 
complex molecular 
structures.29 
 The first transition 
metal catalyzed cross coupling 
reactions of Csp2 halides were 
independently reported by 
Kumada and Corriu in 1972 
(Figure 20). 30   Reacting 
Figure 20.  Early examples of cross coupling reactions. 
MgBr Cl+
NiCl2(dppe) (1 mol %)
Et2O, 0 ºC to rt
MgBr Ph
Br+
N(acac) (0.1 mol %)
Et2O, rt
a) Kumada, 1972:
b) Corriu, 1972: 98% yield
70% yield
Figure 21.  Proposed cycle for Ni–catalyzed Kumada coupling.	  
X
X = Cl, Br, I
      OTs, OTf
oxidative
addition
reductive 
elimination
Ni0Ln
LnNiII
X
R MgBrX MgBr
LnNiII
R
R
transmetalation
	   21	  
Grignard reagents with aryl or vinyl halides in the presence of a Ni catalyst system, Kumada and 
Corriu obtained high yields of the desired cross–coupling products.   
 The mechanism for this transformation was proposed to begin with oxidative addition of 
the aryl halide with the electron–rich Ni(0) catalyst (Figure 21).  The Ni(II) intermediate thus 
generated was hypothesized to undergo a transmetalation with the organomagnesium coupling 
partner, followed by a reductive elimination to regenerate the active catalyst and reveal the 
observed coupling product. 
 A major drawback of the Kumada and Corriu systems, however, is the highly reactive 
organomagnesium reagents used for the transformation.  Use of these reagents affects the 
Figure 22.  Transition–metal–catalyzed coupling reactions.	  
X
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substrate compatibility of the reaction, 
limiting it to base–tolerant components.  
Consequently, much of the early 
development of cross–coupling reactions 
focused on the development of milder 
variants of the Kumada and Corriu 
reactions.  Such efforts led to the 
development of many novel cross coupling 
reactions including the Negishi 31, Suzuki 32, 
Stille 33, Sonogashira 34, and Heck 35 reactions (Figure 22).  Since the discovery of these 
reactions in the 1970s, the field of transition metal catalyzed cross coupling reactions has rapidly 
evolved.  To further realize the utility of these reactions in complex molecule synthesis, tandem 
reactions have been developed whereby organometallic intermediates are generated in–situ and 
diverted towards various coupling processes. 
 For example, in 1995 Keay and coworkers reported one–pot Shapiro–Suzuki reactions for 
the synthesis of vinyl arenes (Figure 23).36  Keay proposed an initial Shapiro reaction to generate 
a vinyl lithium intermediate.  Exposing the lithiated species to boron isopropoxide yielded a 
boronic ester that participated in a Pd–catalyzed Suzuki coupling reaction to furnish the observed 
products.  Similarly, we sought to develop one–pot cyclization/coupling reactions using our 
developed Ni–catalyzed [2+2+2] cycloaddition reactions.	   
Reactions of this nature are well known with enynes and organometallic reagents are 
typically used to achieve synthesis of value–added complex molecules.  Kibayashi gave an early 
NHNTris
1. nBuLi (3 equiv)
    hexane/TMEDA
    –78 ºC to 0 ºC
2. B(OiPr)3
3. Pd(OAc)2 (5 mol %)
    PPh3 (10 mol %)
    Bromobenzene    
    Na2CO3
    PhMe, reflux
55 % yield
Li B(OiPr)2
step 1
step 2
ste
p 
3
vinyl lithium boronic ester
Figure 23.  Combined Shapiro/Suzuki reactions.	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example of a stannane–mediated alkenylative cyclization of malonate–tethered ene–ynes (Figure 
24a).37  It was hypothesized that the reaction proceeded via an acid–mediated carbopalladation of  
the alkyne (Figure 25) to generate and alkyl–palladium intermediate.  The intermediate alkyl–
palladium species then reacted with a vinyl stannane in a Stille cross–coupling reaction to furnish 
the alkenylative cyclization product in a one–pot, two–step cyclization/coupling reaction  
Figure 25.  Proposed cycle for the Pd–catalyzed cyclizations of ene–ynes and vinyl stannanes. 
 
BnO2C
BnO2C
Pd2(dba)3•CHCl3 (5 mol %)
AcOH (2 equiv)
18–crown–6 (0.3 equiv)
MeCN, reflux BnO2C
BnO2C
TMS
PdOAcLn
BnO2C
BnO2C
SnBu3
(2 equiv)
TMS
BnO2C
BnO2C
Pd2(dba)3•CHCl3 (5 mol %)
AcOH (2 equiv)
18–crown–6 (0.3 equiv)
SnBu3
MeCN, reflux
BnO2C
BnO2C
a) Kibayashi, 1997:
86% yield
(2 equiv)
Ni(COD)2 (10 mol %)
ZnCl2 (20 mol %)
ZrCp2Cl
THF, rt
b) Montgomery, 2002:
80% yield
(2 equiv)
COPh PhOC
TsN
Ni(COD)2 (10 mol %)
PBu3 (15 mol %)
CsF (2 equiv)
B(OH)2
MeOH, 80 ºC
TsN
c) Cheng, 2013:
93% yield
(2 equiv)
Ph
Ph
TMS
TMS
Figure 24.  Alkenylative cyclization of ene–ynes.	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sequence.  The reactions performed optimally in the absence of phosphine ligand and displayed  
functional group compatibility on the stannane coupling partner; however, only unsubstituted  
ene–ynes were presented in the publication. 
  Montgomery in 2002 published a similar Ni–catalyzed transformation with greater steric 
compatibility (Figure 24b)38 and recently, the Cheng group disclosed sequential cyclization–
Suzuki coupling reaction of N–tosyl amine–tethered ene–ynes for the synthesis of substituted 
pyrrolidines (Figure 24c).39  The reaction was tolerant of a wide array of substitution patterns on 
both the ene–yne and boronic acid, furnishing alkenylative cyclization products in moderate to 
excellent yields.	  	  	   Unlike the Kibayashi system, Cheng’s alkenylative cyclization reaction was proposed to 
proceed via an initial oxidative coupling of the ene–yne reagent (Figure 26).  Methanol–assisted 
protonolysis generated a Ni–alkoxide and transmetallation from boron mediated by the fluoride 
Figure 26.  Proposed cycle for the Ni–catalyzed cyclizations of ene-ynes and boronic acids. 
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salt led to the formation of a 
vinyl–Ni intermediate.  
Reductive elimination was 
proposed to lead to the 
formation of the alkenylative 
cyclization product and 
regenerate the active catalyst. 
  Reactions of the type 
shown in Figure 24 are well 
known with pre–functionalized organometallic fragments (e.g. stannanes, boranes, zincates, 
aluminates)40 and indeed many of these reactions utilize Stille, Suzuki, or Negishi terminating 
steps.41  However, few are the applications of this mode of reactivity using unfunctionalized 
alkene fragments in a 
cyclization–Heck coupling 
process. A rare example of an 
ethenylative cyclization reaction 
of ene–ynes was published in 
2003 by Mori (Figure 27). 42  
 Mori proposed that upon 
oxidative coupling of the ene–
yne substrate and subsequent 
insertion of ethylene, the 
ruthenacycle intermediate 
X
XCp*RuCl(cod) (5 mol %)ethylene (1 atm)
R2
R1 R1
R2
PhMe, rt
H
H
BnO
BnO
78% yield
TsN
H
H
83% yield
BnN
H
H
49% yield
O
CO2Me
H
MeO2C
MeO2C
72% yield
H
CO2Me
BnO
BnO
89% yield
Figure 27.  Ru–catalyzed ethenylative cyclizations of ene–ynes. 
X
X
R
[Ru]
X
R
[Ru]
X
[Ru]
R
X
[Ru]
R
H
α
β
[Ru]
R
X
R
Figure 28.  Proposed cycle for Ru–catalyzed alkenylative 
cyclization reactions of ene–ynes and ethylene. 
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underwent β–hydride elimination followed by a C–H reductive elimination to produce the 
observed alkenylative cyclization product (Figure 28).  Although variations in the tethers were 
presented in Mori’s publication, there is little mention of substituent effects on the alkene or 
alkyne functionalities of the tethered substrate.  Additionally, Mori does not discuss applications 
of this chemistry to substituted external alkenes.  Realizing an opportunity to contribute to this 
growing field, we sought to apply our Ni–based methods towards the development of a general 
class of alkenylative cyclization reactions (Figure 29).  Herein we report the results of our 
findings.	  	  
 
Reaction optimization. 
 We began our studies of Ni–catalyzed alkenylative cyclization reactions with ene–allene 
1a and commercially–available tert–butyl acrylate (Table 4).  It was determined that slow 
addition of the ene–allene substrate was necessary to minimize undesired substrate dimerization.  
In addition, five equivalents of the external alkene component were used to compensate for 
undesired acrylate polymerization.  Although bidentate phosphine ligands generally led to poor 
reactivity,43 use of triphenylphosphine in THF at room temperature led to a 44% isolated yield of 
the desired alkenylative cyclization product (entry 1).  Using the electron–poor tris(4–
fluorophenyl)phosphine had minimal impact on the reaction efficiency; however, to our delight, 
the use of the small and electron–rich ligand tributyl phosphine led to an optimal 86% isolated 
Figure 29. Ni–catalyzed alkenylative cyclizations of ene–allenes. 
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yield of the desired diene product (entry 2–3).  Larger electron–rich ligands, such as tri–tert–
butyl phosphine did not produce any alkenylative cyclization product and instead, gave the 
[2+2+2] cycloaddition product in a 38% isolated yield (entry 4, see Chapter 1 for related 
discussion).44 
 Taking these factors into consideration, we identified the optimal reaction conditions to 
be Ni(COD)2 (0.1 equiv.), tributylphosphine (0.2 equiv.), ene–allene (1 equiv. added over 1.25 
hours), and external alkene component (5 equiv.) in benzene at 45 ºC (Table 4, entry 3). 
 
Scope evaluation.   
Although methylene tethers were not well tolerated, nitrogen– and oxygen– tethered 
substrates reacted with similar efficiencies to the malonate tethered substrates, giving the 
corresponding products in 90% and 82% yields respectively  (Figure 30, 3a–3c).  With respect to 
the external alkene component, a variety of electronic and sterically diverse components readily 
Entry
EtO2C
EtO2C
CO2Me
O
OtBu
Ni(COD)2
Ligand
EtO2C
EtO2C
CO2Me
CO2tBu
Ni(COD)2 
(equiv)
Ligand Ligand 
(equiv)
Solvent Temp. (°C) Isolated Yield (%)
1
3b
2
4
0.25 P(4–FPh)3 1 PhMe 100
0.1 0.2 PhH 45PBu3
0.1 0.2 PhH 45PtBu3 --
0.25 1 THF 23PPh3
55
86
44
H
H
  (1 equiv)a  (5 equiv)
Solvent
Temperature
a Ene–allene added over 0.75 hours; b ene–allene added over 1.25 hours.
1a 3a 
Table 4. Initial results for Ni–catalyzed alkenylative cyclization reactions of ene–allenes. 
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participated in the alkenylative 
cyclization reaction.  For example, 
reactivity was even observed with 
unactivated olefins such as 
cyclopentene and 1–hexene, giving 
49% and 60% isolated yields 
respectively (3d–3e).  In addition, 
electron–poor alkene such as 
acrylates (3a–3c), acrylonitriles 
(3f), vinyl sulfones (3g), and 
styrenes (3h–3i) gave the 
corresponding products in modest 
to excellent yields.  Lastly, trans– 
and cis– disubstituted alkenes, 
exemplified by ethyl crotonate (3j) 
and indene (3k), reacted under our conditions, albeit with higher catalyst loadings, to furnish 
alkenylative cyclization products in 41% and 36% yields respectively.  In the case of 3k, 
isomerization to the thermodynamically favored tetrasubstituted 
olefin, in conjugation with the aromatic system, was observed. 
 Initial stereochemical assignments were made using 2D 
NMR spectroscopy (see Appendix III for full spectra) and later 
confirmed with an x–ray structure of the indenyl substrate 3k 
(Figure 31). 45   The x–ray structure confirms the cis 
Figure 31. Crystal structure 
of 3k. 
 
Figure 30. Scope of alkenylative cyclization reactions. 
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stereochemistry of the disubstituted N–tosyl pyrrolidine and the isomerization of the olefin. 
 
Mechanistic discussion.   
We propose an initial coordination of the ene–allene followed by oxidative coupling to 
give the bicyclic intermediate 5 (Figure 32).  Insertion of the external olefin leads to the seven–
membered nickelacycle 6.  It is well known that small, electron–rich phosphine ligands can 
facilitate β–hydride elimination.46  With the small and electron–rich tributyl phosphine ligand,20 
we propose β–hydride elimination from 6 followed by C–H product–forming reductive 
elimination to furnish the observed alkenylative cyclization product.47   
 The regioselectivity of the olefin insertion step is determined by the polarization of the 
olefin, however, in the absence of such a polarizing effect, we observe that steric interactions 
become a determinant factor (Figure 30, 3e).48  With these unactivated olefins (eg. 1–hexene), 
insertion occurs to place the alkyl 
chain in the least sterically 
encumbering position, ultimately 
leading to the product 
regioisomer observed in 3e. 
 To obtain further insight 
into the ligand selectivity 
observed with our intermolecular 
nickel–catalyzed reactions, we 
turned to computational studies.49  
DFT calculations using B3LYP 
R1
R2
Ni0Ln
X
CO2R
NiIILn
X
NiIILn
R2
R1
RO2C
X
NiIILn
R2
R1
RO2C
H
α
β
LnNi0
X
RO2C
R1
R2
H
H
H
H
H
H
H
H
X
CO2R
X
CO2R
Figure 32. Proposed cycle for Ni–catalyzed alkenylative 
cyclizations of ene–allenes. 
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were performed for the two reaction pathways: ([2+2+2] cycloaddition and alkenylative 
cyclization) with L=P(C4H9)3 (Figure 33).  The Pople’s standard 6-311+G(d) was used for all 
elements. Calculations were performed with Gaussian 09 DO1 package with tight SCF 
convergence and ultrafine integration grids. For transition-state structure searches, a single-point 
frequency calculation was performed to ensure that the final structure obtained (i) has only one 
imaginary frequency and (ii) the vibration mode of the negative frequency corresponds to the 
bond formation that is anticipated. In addition, intrinsic reaction coordinates (IRC) were 
calculated to verify the relevance of transition-state structures. 
 Methyl acrylate and a dimethyl malonate tether were used as a model substrate to 
+  NiLn 
n = 2 
Figure 33. DFT calculations of β–hydride elimination vs. reductive elimination pathways of A 
using L = PBu3 and n = 2 (units in kcal/mol). 
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simplify the calculations.  The difference in the activation energies of the reductive elimination 
and β–hydride elimination pathways was determined to be 28 kcal/mol.  This large difference in 
activation barriers is in agreement with our experimental observations and explains why no 
formation of the [2+2+2] cycloaddition product is detected with this catalyst system.50  
 
Post–substrate modifications. 
 The products formed in these reactions are structurally interesting and present many 
avenues for product diversification.  Taking advantage of the acidic protons present in the 
products, a 5–exo cyclization can be used to construct isomeric fused 5–5 carbocyclic structures 
(Figure 34, eq. 1–2).51  
As expected, treating 3a with excess LDA resulted in the formation of an 
octahydropentalene core in 37% yield as a 1.2:1 mixture of diastereomers (Figure 34, eq. 1).  To 
achieve complete conversion, excess base was required to compensate for acidic protons also 
present in the product.  Although the 
excess base ensures complete reaction 
of the starting material, it could also 
be responsible for the epimerization 
of the product.  Interestingly, only the 
product resulting from the 
kinetically–favored 5–exo cyclization 
is obtained while the product resulting 
from the slower 5–endo cyclization 
pathway is not observed (eq. 1–2).52  
Figure 34. Post–substrate modifications of 
alkenylative cyclization products (X = C(CO2Et)2). 
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Yields have not been optimized, however it is worth noting that this transformation may be used 
to achieve a two–step synthesis of cis–fused octahydropentalene cores present in many natural 
occurring compounds (Figure 1). 
 Products of this nature may also participate in Diels–Alder reactions (eq. 3).53 Using 
diene products formed in our alkenylative cyclization reactions, a Diels–Alder reaction can 
facilitate rapid access to complex molecular architectures from simple acyclic, achiral reagents.   
The transformations discussed herein represent a subset of the many possible avenues of post–
reaction modifications available with this class of products.54 
 
Summary. 
 Novel Ni–catalyzed alkenylative cyclization reactions of tethered ene–allenes and 
external alkene components using small, electron–rich phosphine ligands such as 
tributylphosphine have been developed.  The reaction is regio– and diastereoselective and is 
tolerant of a wide array of electronically and sterically diverse alkene components.  The reaction 
generates two σ bonds and two stereogenic centers in a single transformation and the products 
formed can be used to access more complex molecular architectures. 
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CHAPTER 3.  [2+2] CYCLOADDITION REACTIONS 
Background.	   
 	  	   The cyclobutane functionality is present in many natural and bioactive molecules (Figure 
35).55  In addition, as demonstrated by Suffert 56 and others 57, the inherent ring strain of 
cyclobutanes (26 kcal/mol)58 allows them to serve as useful synthetic intermediates (Figure 36).  
For example, Suffert’s 2001 total synthesis of ascosalipyrolidinone sequentially uses two key 
cyclobutane intermediates: the first undergoing a 6π–disrotatory cyclization and the second a 
cascade ring opening process to relieve ring strain and generate a cis–fused decalin intermediate 
which was further elaborated to the natural product.  Despite their importance and utility as 
synthetic intermediates, protocols for the selective synthesis of cyclobutane units are limited 
O
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(Figure 37).  Because of improper orbital overlap, thermal [2πs+2πs] cycloaddition reactions are 
symmetry forbidden transfor– 
mations; although they are 
symmetry allowed, [2πs+2πa] 
cycloaddition reactions lead to a 
high–energy cyclobutane confor– 
mer and for these reasons, 
concerted thermal [2+2] 
cycloaddition reactions are rarely 
observed (Figure 37a). Non–
concerted [2+2] photocyclo– 
additions of olefins have been 
shown to lead to cyclobutane 
products.  The earliest application 
of the photochemical [2+2] 
Figure 36.  A cyclobutane–mediated synthesis of Ascosalipyrrolidinone. 
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cycloaddition reaction is the “Italian–sunlight” mediated total synthesis of carvone camphor 
(Figure 37b).  The reaction, discovered by the Italian chemist Giacomo in 1908, features an 
intramolecular [2+2] cycloaddition of carvone to yield a single isomer of the camphor derivative.  
Intermolecular variants of this reaction are known, however, the selectivity is highly substrate 
dependent and mixtures of isomers are usually obtained.59  Additionally, predicting the major 
isomer can be challenging.60  Alternatively, under reducing metal conditions (e.g. Hg, Na, Mg, 
Sn, Cu), 1,4–dihalobutanes can react to form cyclobutane products however the metals used in 
these transformations are often pyrophoric or highly toxic.61  In addition, the yields obtained are 
often quite low due to competing elimination pathways (Figure 37c).  An alternative route 
towards the synthesis of these valuable products involves transition–metal–catalyzed [2+2] 
cycloaddition reactions.  For 
example, Toste in 2007 published  
[2+2] cycloaddition reactions of 
tethered styrenes and substituted 
allenes using a cationic gold 
catalysis and in 2011, Mascereñas 
reported [2+2] cycloaddition 
reactions of ene–dienes using a 
ruthenium catalytic system 
(Figure 38a and 38b). 62 , 63  
However, these reactions 
typically require styrene or diene 
components and substituted 
Figure 38.  Allenes in [2+2] cycloaddition reactions. 
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allenes as reactions partners.  We sought to develop a general, catalytic [2+2] cycloaddition 
transformation tolerant of a broader range of π–components (Figure 38c).  Herein we report the 
results of our findings.64 
 
Reaction optimization. 
During the course of our studies of the intermolecular reaction of tethered ene–allene 
substrates with external alkene components, we noted that the use of large bite–angle phosphine 
ligands such as Xantphos 65 led to the exclusive formation of a cyclobutane as a single 
diastereomer without incorporation of the external alkene component (Figure 39, eq. 1).  At 100 
ºC the product is isolated as a 1:1 mixture of diastereomers however, decreasing the temperature 
to 80 ºC led to a diastereoselective reaction, albeit in reduced yields (eq. 2).  Removing the 
O
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EtO2C
EtO2C
CO2Me
1 equiv
CO2MeH
H
44% yield
mixture of diastereomers
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Figure 39.  Ni–catalyzed [2+2] cycloaddition reactions. 
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external alkene component 
restored reactivity and 
maintained 
diastereoselectivity (eq. 3).  
Using these initial 
conditions, we proceeded to 
survey a series of diverse 
phosphine ligands (Table 
5).  Although poor 
reactivity was obtained 
with monodentate phosphine ligands (entry 2–4), bidentate ligands facilitated the [2+2] 
cycloaddition reactions to furnish the cyclobutane products in high yields (entries 1, 7–10). The 
narrow ligand dppe (85º) 66 led to exclusive formation of the undesired cycloisomerization 
product 9a (entry 5) however, widening the bite angle to dppb (98º) 66 restored selectivity 
favoring the [2+2] cycloaddition product 8a (entry 7).  Superior yields were obtained with dppf, 
resulting in an 83% isolated 
yield of the cyclobutane 
product (entry 8).  Diminished 
yields were observed at lower 
temperature and trace product 
was obtained in the absence of 
ligand (entry 9–10).  No 
reactivity was observed in the 
X
CO2Me
X
CO2MeH
H
10 mol % Ni(COD)2
10 mol % Ligand
PhMe, 100 ºC
Entry Ligand % yield 2b
P(o–tol)3 <24d
BINAP <2
2d
Xantphos 48
6
1c
dppb 65
dppe <2
7
16
5
X
CO2Me
% yield 3b
--
21
23
--
51
--
no ligand <210 --
X = C(CO2Et)2
P(p–F–Ph)3 303d --
a Ene–allene added over 45 min; b Isolated yields; c reaction run at 80 ºC; d 20 mol % ligand
was used; e reaction run at 60 ºC.
+
PPh3
dppf 549e 23
dppf 83 8 11
Table 5.  Ligand screen of [2+2] cycloaddition reactions. 
 
Entry
EtO2C
EtO2C
CO2Me Ni(COD)2 (10 mol %)
dppf (10 mol %)
Solvent Isolated Yield (%)
1
4a trifluorotoluene 0
toluene 83
Solvent,100 ºC
CO2MeH
H
EtO2C
EtO2C
2 mesitylene 71
3 n–dibutyl ether 77
5b dimethyl sulfoxide 0
6b dimethylacetamide 0
a Recovered unreacted starting material. b Complex reaction mixture.
Table 6.  Solvent effects on Ni–catalyzed [2+2] cycloadditions. 
cycloadditions. 
1a 8a  8 
9a 
1a 8a 
8a 1a 
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absence of Ni(COD)2 or catalyst.  A solvent screen confirmed that mesitylene and high–boiling 
ethereal solvents, such as n–dibutyl ether, could also facilitate the transformation, providing 
similar results to toluene (Table 6, entry 1-3).  Strongly polarized solvents such as 
trifluorotoluene, DMSO, or DMA did not facilitate the cycloaddition reactions (entry 4–6).  
Unreacted starting material was recovered with trifluorotoluene whereas DMSO and DMA led to 
uncontrolled reactivity of the ene–allene substrate, resulting in complex product mixtures.  After 
optimization, we identified the following reaction conditions:  Ni(COD)2 (0.1 equiv.), dppf (0.1 
equiv.), ene–allene 
substrate (1 equiv. added 
over 0.75 hours) in 
toluene at 100 ºC. With 
these conditions, we next 
explored the scope of this 
transformation. 
 
Scope Evaluation.	   
 Nitrogen and oxygen 
tethered substrates 
reacted with similar 
efficiencies to the 
malonate tethered 
substrates (Figure 40, 8a–
8c).  Even unsubstituted 
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methylene–tethered 
substrates participated 
in nickel–catalyzed 
[2+2] cycloaddition 
reactions, albeit only resulting in a moderate yield of the cyclobutane product (8d).  Sterically 
rigid tethers were also tolerated as exemplified by 8e, which was obtained in a 45% isolated 
yield using our conditions. As for substitutions on the alkene portion of the tethered substrate, 
various electron–poor functionalities were tolerated including enones (8f–8g, 8k), acrylonitriles 
(8h), and esters (8a–8e, 8i–8j, 8l, 8o).  Additionally, fused 6–4 carbocyclic systems could also be 
synthesized using our developed method  (8k).  1,3–disubstituted allenes were also tolerated in 
these transformations, reacting with acrylates (8l), styrenes (8m), and unactivated terminal 
olefins (8n) in an intramolecular fashion to generate the corresponding cyclobutane products.  To 
our satisfaction, trisubstituted allenes were also competent substrates as exemplified by a 
cyclohexyl group at the terminal end of the allene, which participated in the [2+2] cycloaddition 
9p 1p 
X
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X
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H
H
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10 mol % dppf
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MeMe
Me
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Figure 41.  Ni–catalyzed reactions of trisubstituted ene–allenes. 
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process to give a 41% isolated 
yield of 8o.  Interestingly, with 
two methyl groups at the same 
position, no  [2+2] 
cycloaddition product was 
observed.  Instead, formation of the diene product 9p was observed in a 92% yield (Figure 41).  
Additionally, unexpected reactivity was observed with 1,1–disubstituted allene systems (Figure 
42).  With these allenes, reactivity with the distal bond of the allene occurs to furnish a 
6,4–fused  [2+2] cycloaddition product 8q in a 49% yield.   We hypothesize that this change in 
selectivity arises due to unfavorable steric interactions between the bidentate ligand and axial 
methyl group in the intermediate leading to the 5,4–bicyclic products usually obtained in these 
reactions.  
Substituted allenes introduces chirality into the starting substrate and we were also 
interested in exploring the transfer of chiral information from enantioenriched allenes (Figure 
43). We observed minor stereo–degradation, however, the enantioenriched starting ene–allene 
1l* underwent a [2+2] cycloaddition reaction to deliver the enantioenriched cyclobutane product 
8l* in 87% yield and 94.5:5.5 er.67  
 
Mechanistic discussion.	   
 We propose that the reaction begins with coordination of the ene–allene followed by 
oxidative coupling to yield intermediate 5 (Figure 44).  Reductive elimination then occurs to give 
the desired cycloaddition product 8.68 The bidentate ligand is thought to serve multiple roles in 
this reaction.	    Firstly, it is better able to stabilize the metal and maintain its solubility in the 
1p 9p 
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Figure 43.  Chirality transfer of enantiopure ene–allenes. 
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reaction medium.  
Insufficient reactivity with 
many of the monodentate 
ligands is primarily 
attributed to their inability 
to maintain the catalyst in 
solution (Table 5, entry 2–
4).69  Indeed with this class 
of ligands, precipitation of 
Ni–black was readily observed at 100 ºC.  At lower temperatures, however, monodentate 
phosphine ligands perform better, but still yield poorer results when compared to their bidentate 
counterparts.70 Secondly, the wide–bite angle of the bidentate ligands is proposed to facilitate 
reductive elimination of intermediate 5 and generate the observed cycloaddition product.  With 
narrow–bidentate ligands, the 
selectivity of the reaction for the 
[2+2] cycloaddition process is 
compromised and instead, a 
cycloisomerization pathway becomes 
favorable.  This alternate reaction 
pathway is responsible for the 
diminished yields of the [2+2] 
cycloadduct observed with narrow–
bite angle ligands such as dppe (Table 
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5, entry 5).  The cycloisomerization product is proposed to arise from an initial coordination at 
the distal π–bond of the allene (Figure 45).  Oxidative coupling generates an allyl–Ni(II) 
metallacycle which is able to undergo β–hydride elimination and deliver a nickel hydride 
species.  C–H reductive elimination then furnishes the observed cycloisomerization product 9. 
With substitution at the terminal position of the allene, an alternate mechanism is 
possible.  In addition to an oxidative coupling pathway, a C–H activation mechanism is also 
plausible (Figure 46).  In this pathway, oxidative addition into the C–H bond of the terminally 
substituted allene initially occurs.  Isomerization and subsequent insertion into the pendant olefin 
generates a similar nickel hydride species.  C–H reductive elimination from this intermediate 
gives rise to the cycloisomerization product 9.  Such a mechanism would also explain the minor 
stereodegradation observed with the enantiopure ene–allene 1l* (Figure 47).  Oxidative addition 
into the C–H bond of the methyl group of the 1,3–disubstituted allene and subsequent 
isomerization allows for rotation about the C3–C4 carbon–carbon single bond.  Isomerization 
and reductive elimination leads to racemization of the starting ene–allene.   The identity of the 
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ligand has significant influence on the extent of racemization.  Using Xantphos resulted in near 
complete loss of stereochemical information, however, partial chirality transfer was observed 
with dppb.  The optimal ligand was dppf, providing both high yields of the cycloaddition product 
and near complete transfer of chirality (Figure 43).   Both Ni(COD)2 and the phosphine ligand 
are necessary for the racemization as no stereodegradation is observed with just Xantphos or 
Ni(COD)2.  The exact correlation between the ligand and extent of racemization is unknown at 
the present moment.  
Summary. 
 Ni/dppf–catalyzed [2+2] cycloaddition reactions of tethered ene–allene substrates have 
been developed.  The reaction is tolerant of sterically and electronically diverse substrates, 
providing cis–fused 5–4 carbocyclic products in moderate to high yields as single diastereomers.  
Chirality transfer was demonstrated with enantiopure ene–allene substrates, leading to 
enantioenriched carbocyclic products with up to three contiguous stereocenters. 
  
Figure 47.  Ni–catalyzed racemization of chiral allenes. 
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APPENDIX I.    LIGAND STRUCTURES 
 
  
N N
OMeMeO
MeO OMe
Ar2P PAr2
Ar = 3,5–Me2C6H3
(S)–Xyl–P–PHOS
2,2'–Bis(diphenylphospino)-5,5',6,6',7,7',8,8'–oc
tahydro-1,1'–binaphthyl
H8–BINAP
PPh2
PPh2
PCy2
2-(Dicyclohexylphosphino)biphenyl
Cy–Johnphos
O
PPh2 PPh2
4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene
Xantphos
Ph2P
PPh2
1,2-Bis(diphenylphosphino)ethane
dppe
Ph2P
1,4-Bis(diphenylphosphino)butane
dppb
PPh2
PPh2
PPh2
2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl
BINAP
Fe
PPh2
1,1'-Bis(diphenylphosphino)ferrocene
dppf
PPh2
Cyclooctadiene
COD
O
O
O
O
OO
1,4,7,10,13,16-hexaoxacyclooctadecane
18–crown–6
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APPENDIX II.   EXPERIMENTAL PROCEDURES 
 
General Methods 
Infrared (IR) spectra were obtained using a Jasco 260 Plus Fourier transform infrared 
spectrometer or a  Bruker ALPHA FT-IR using a QuickSnap Platinum ATR sampling module. 
Proton, carbon, and fluorine magnetic resonance spectra were recorded on a Bruker model DRX 
600 or a Bruker AVANCE III 600 CryoProbe  (1H NMR at 600 MHz, 13C NMR at 151 MHz, 
and 19F 565 NMR at MHz) with solvent resonance as the internal standard for proton and carbon 
(1H NMR: CDCl3 at 7.27 ppm; 13C NMR: CDCl3 at 77.0 ppm); or a Bruker model DRX 400 (1H 
NMR at 400 MHz and 13C NMR at 100 MHz) with solvent resonance as the internal standard for 
proton and carbon (1H NMR: CDCl3 at 7.27 ppm; 13C NMR: CDCl3 at 77.0 ppm).  Multiplicity 
data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, quin = quintet, sex = sextet, sep = septet, dd = doublet of doublets, td = triplet of 
doublets, qd = quartet of doublets, m = multiplet), coupling constants (Hz), and integration. Mass 
spectra were obtained using a Micromass Quattro II (triple quad) instrument with 
nanoelectrospray ionization. Thin layer chromatography (TLC) was performed on SiliaPlate 250 
µm thick silica gel plates purchased from Silicycle. Visualization was accomplished with short 
wave UV light (254 nm), aqueous basic potassium permanganate solution, or ethanolic acidic p-
anisaldehyde solution followed by heating. Flash chromatography was performed using 
SiliaFlash P60 silica gel (40-63 µm) or SiliaFlash T60 silica gel (5-20 µm) purchased from 
Silicycle. Tetrahydrofuran, toluene, and dichloromethane were dried by passage through a 
column of activated neutral alumina under nitrogen prior to use. Benzene was also sparged with 
Argon for a minimum of two hours prior to storage in a glove box. All other reagents were 
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obtained from commercial sources and used without further purification unless otherwise 
noted.  Absolute configuration was not determined for any of the compounds. 
 
Synthesis of Substrates 
       
Prepared according to standard procedure given in Org. Lett., 2009 11 (10), 2113–2116.  
 
 
Trifluoroacetic acid (6.9 mL) was added to a flask containing a 0 °C mixture of the acetal (1.0 g, 
5.37 mmol) in chloroform (6.9 mL) and water (2.29 mL).  The reaction monitored to completion 
by TLC (~40 minutes).  The reaction was then poured in a saturated aqueous solution of sodium 
bicarbonate and solid sodium bicarbonate added to neutralize the mixture.  The organic layer was 
separated and extracted with minimal volume of dichloromethane.  The combined organic layer 
was washed once with brine and the product (still in the organic layer) used in the next step 
without further purification. 
 
The phosphane (2.24 g, 6.44 mmol) was added to a dichloromethane solution of the in–situ 
generated aldehyde and aged at 35 °C for three days.  The reaction mixture was carefully 
+
HO
. O
.
OEtEtO
Br OEt
EtO 1.  NaH (1.5 equiv);     HMPA, bromide
THF, reflux
O
.
OEtEtO
O
.
TFA
CHCl3, H2O, 0 °C
CO2Et
O
.
O
Ph3P CO2Et (1.2 equiv)
DCM, 35 °C
1c 
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concentrated under reduced pressure.  Pentane was added to the remaining residue and the 
resultant mixture filtered.  The filtrate was again carefully concentrated under reduced pressure.  
The crude product was purified by flash chromatography using 10–20% ether in pentane to give 
181 mg (19% yield) of the Z isomer of 1c as a clear, pale yellow oil. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 6.96 (dt, J = 15.8, 4.4 Hz, 1H), 6.08 (dt, J = 15.7, 
2.0 Hz, 1H), 5.24 (quin, J = 6.8 Hz, 1H), 4.81 (dt, J = 6.6, 2.4 Hz, 2H), 4.20 (q, J = 7.2 Hz, 2H), 
4.17 (dd, J = 4.5, 2.1 Hz, 2H), 4.06 (dt, J = 7.2, 2.4 Hz, 2H), 1.29 (t, J = 7.2 Hz, 3H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 209.41, 166.25, 144.03, 121.56, 87.36, 75.84, 
68.53, 68.29, 60.35, 14.22 
 
IR (Thin film, cm-1) 2983, 1957, 1721, 1371, 1304, 1266, 1180, 1032, 857 
 
LRMS (ESI) Calcd. for C16H22O6+H: 181.12, Found 181.06 
 
 
Oxalyl chloride (424 mg, 3.34 mmol) was added to a -78 °C solution of DMSO (523 mg, 6.69 
mmol) and the reaction was aged at -78 °C for 15 minutes before slowly adding the alcohol (330 
mg, 2.23 mmol).  The reaction was aged at -78 °C for an additional 30 minutes.   Triethylamine 
(1.58 g, 15.61 mmol) was then added, the cooling bath removed, and the reaction allowed to 
.
CO2Et
.
O
Ph3P CO2Et (1.5 equiv)
DCM, -78 °C to rt
.
OH
(COCl)2 (1.5 equiv)
DMSO (3 equiv);
alcohol (1 equiv)
NEt3 (7 equiv)
DCM, -78 °C to rt
1e 
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warm to room temperature.  Reaction monitored to completion by TLC.  The reaction mixture 
was cooled to 0 °C and quenched with water.  The reaction mixture was warmed to room 
temperature, diluted with 15 mL of dicholormethane and washed twice with a saturated aqueous 
solution of ammonium chloride, water, and brine.  The reaction mixture was dried under 
magnesium sulfate, filtered, and the filtrate containing the aldehyde used in the next step without 
further purification. 
  
The phosphonate (900 mg, 2.56 mmol) was added to a solution of the aldehyde in 
dichloromethane and the reaction was aged at reflux overnight.  The reaction mixture was then 
concentrated under reduced pressure to give the crude product.  The crude was purified by flash 
chromatography (2–5% ethyl acetate in hexanes) to obtain 300 mg (57% yield) of compound 1e. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 6.96 (dt, J = 15.6, 7.1 Hz, 1H), 5.83 (d, J = 15.6 
Hz, 1H), 5.09 (quin, J = 6.8 Hz, 1H), 4.68 (dt, J = 6.7, 3.3 Hz, 2H), 4.19 (q, J = 7.2 Hz, 2H), 
2.30–2.20 (m, 2H), 2.08–1.98 (m, 2H), 1.60 (quin, J = 7.4 Hz, 2H), 1.29 (t, 7.2 Hz, 3H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 208.65, 166.66, 148.72, 121.63, 89.28, 75.02, 
60.13, 31.47, 27.51, 27.30, 14.26 
 
IR (Thin film, cm-1) 2981, 2936, 2859, 1956, 1720, 1655, 1443, 1367, 1309, 1266, 1190, 1150, 
1095, 1044, 1000, 846, 711 
 
LRMS (ESI) Calcd. for C16H22O6+H: 181.12, Found 181.06 
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The malonate (500 mg, 2.49 mmol) was slowly added to a mixture of sodium hydride (120 mg, 
2.99 mmol) in THF and the reaction aged at room temperature until the cessation of gas 
evolution.  Allyl bromide (400 mg, 2.99 mmol) was then added and the reaction heated to 50 °C.  
TLC shows complete conversion after 30 minutes.  The reaction mixture was quenched with a 
saturated solution of ammonium chloride and the aqueous layer extracted three times with 
diethyl ether.  The organic layer was washed with brine, dried under magnesium sulfate, and 
concentrated under reduced pressure to give 550 mg (83% yield) of 1h as a light yellow oil. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.72–5.60 (m, 1H), 5.18–5.06 (m, 2H), 5.00–4.92 
(m, 1H), 4.70–4.63 (m, 2H), 4.20 (q, J = 7.1 Hz, 4H), 2.69 (d, J = 7.4 Hz, 2H), 2.61 (dt, J = 8.0, 
2.4 Hz, 2H), 1.26 (t, J = 7.1 Hz, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 210.13, 170.59, 132.34, 119.20, 84.27, 74.54, 
61.26, 57.64, 36.73, 31.81, 14.09 
 
IR (Thin film, cm-1) 3080, 2982, 2937, 1956, 1733, 1642, 1443, 1389, 1367, 1282, 1248, 1211, 
1189, 1143, 1096, 1075, 1041, 923, 855, 605, 556 
 
H
.
EtO2C
EtO2C
.
EtO2C
EtO2CBr
NaH (1.2 equiv)
THF, rt to 50 °C
1.2 equiv
1h 
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LRMS (ESI) Calcd. for C16H22O6+H: 181.12, Found 181.06 
 
 
A solution of the malonate71 (200 mg, 0.88 mmol) in THF (4.4 mL) was slowly added to a 0 ºC 
suspension of NaH (42.4 mg, 1.06 mmol) in THF (4.4 mL).  The reaction was aged at 0 ºC for 30 
minutes before adding a solution of 4–Bromocrotonate (223 mg, 1.06 mmol) in THF (0.2 mL).  
The reaction was then aged at 0 ºC for 5 minutes, warmed to rt, and aged at 60 ºC for 30 minutes 
before aging at rt overnight.  The reaction mixture was cooled to room temperature, mixed with 
water, and extracted three times with ethyl acetate.  The combined organic layer was washed 
once with brine, dried over magnesium sulfate, filtered, and concentrated under reduced pressure 
to give the crude product.  The crude product was purified by normal phase flash 
chromatography on normal grade silica using 10% ethyl acetate/hexanes to obtain 204 mg (71% 
yield) of compound 1q. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 6.83 (dt, J = 15.5, 7.7 Hz, 1H), 5.87 (d, J = 15.7 
Hz, 1H), 4.64–4.59 (m, 2H), 4.25–4.13 (m, 4H), 3.72 (s, 3H), 2.89 (d, J = 7.6 Hz, 2H), 2.64–2.59 
(m, 2H), 1.66 (t, J = 3.1 Hz, 3H), 1.25 (t, 7.1 Hz, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 207.37, 170.27, 166.32, 143.35, 124.58, 93.19, 
75.06, 61.54, 56.94, 51.50, 35.76, 34.95, 20.02, 13.99 
 
EtO2C H
EtO2C
+
CO2Me
EtO2C
EtO2C
NaH
THF, 0 ºC to rt
Me MeBr CO2Me
1q
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IR (Thin film, cm-1) 
2982,2952,1958,1924,1723,1657,1436,1367,1341,1268,1238,1161,1094,1030,980,927,856,802,7
70,720,705,626,590,567,514,434,426,418 
 
LRMS (ESI) Calcd. for C17H24O6+H: 325.17, Found 325.15 
 
 
A solution of the malonate1 (1.1 g, 4.41 mmol) in THF (11.0 mL) was slowly added to a 0 ºC 
suspension of NaH (192.5 mg, 4.81 mmol) in THF (11.0 mL).  The reaction was aged at 0 ºC for 
30 minutes before adding a solution of the mesylate72 (650 mg, 4.01 mmol) in THF (1.0 mL).  
The reaction was then aged at 0 ºC for 5 minutes, warmed to rt, and aged at 60 ºC overnight.  The 
reaction mixture was cooled to room temperature, mixed with water, and extracted three times 
with ethyl acetate.  The combined organic layer was washed once with brine, dried over 
magnesium sulfate, filtered, and concentrated under reduced pressure to give the crude product.  
The crude product was purified by normal phase flash chromatography on normal grade silica 
using 10% ethyl acetate/hexanes to obtain 278 mg (21% yield) of compound (R)–1l. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 6.81 (dt, J = 15.6, 7.7 Hz, 1H), 5.88 (dt, J = 15.5, 
1.3 Hz, 1H), 5.08 (pt, J = 6.6, 2.2 Hz, 1H), 4.91–4.84 (m, 1H), 4.24–4.17 (m, 4H), 3.73 (s, 3H), 
2.83 (dd, J = 7.7, 1.4 Hz, 2H), 2.59 (dd, J = 7.7, 1.6 Hz, 2H), 1.64 (dd, J = 7.1, 3.2 Hz, 3H), 1.26 
(t, 7.2 Hz, 6H) 
CO2Me
EtO2C
EtO2C H
+
CO2Me
EtO2C
EtO2C
NaH
THF, 0 ºC to 60 ºC
H
H
MsO
Me
Me
(R) (R)–1l
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13C NMR (151 MHz, CHLOROFORM-d) δ 206.75, 170.12, 166.29 143.01, 124.68, 85.90, 
83.91, 61.57, 57.31, 51.52, 35.01, 32.66, 14.18, 14.07, 14.06 
 
IR (Thin film, cm-1) 2982, 2951, 2930, 2873, 2851, 1965, 1723, 1657, 1461, 1436, 1389, 1367, 
1339, 1269, 1241, 1168, 1095, 1072, 1034, 1019, 981, 924, 858, 801, 707, 592, 533,508, 460, 
432, 419 
 
LRMS (ESI) Calcd. for C17H24O6+H: 325.17, Found 325.20 
 
 
A solution of the malonate73 (603 mg, 2.34 mmol) in THF (11.7 mL) was slowly added to a 0 ºC 
suspension of NaH (103 mg, 2.57 mmol) in THF (11.7 mL).  The reaction was aged at 0 ºC for 
30 minutes before adding a solution of the mesylate74 (417 mg, 2.57 mmol) in THF (1.0 mL).  
The reaction was then aged at 0 ºC for 5 minutes, warmed to rt, and aged for 48 hours and 55 ºC 
for 2 hours.  The reaction mixture was cooled to room temperature, mixed with water, and 
extracted three times with ethyl acetate.  The combined organic layer was washed once with 
brine, dried over magnesium sulfate, filtered, and concentrated under reduced pressure to give 
the crude product.  The crude product was purified by normal phase flash chromatography on 
normal grade silica using 10% ethyl acetate/hexanes to obtain compound 1l (yield was not 
determined). 
CO2Me
EtO2C
EtO2C H
+
CO2Me
EtO2C
EtO2C
NaH
THF, 0 ºC to 60 ºC
Me
Me
MsO
1l
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1H NMR (600 MHz, CHLOROFORM-d) δ 6.81 (dt, J = 15.5, 7.7 Hz, 1H), 5.88 (dt, J = 15.6, 
1.5 Hz, 1H), 5.07 (pt, J = 7.0, 2.3 Hz, 1H), 4.91–4.83 (m, 1H), 4.25–4.16 (m, 4H), 3.72 (s, 3H), 
2.83 (dd, J = 7.8, 1.5 Hz, 2H), 2.59 (dd, J = 7.6, 1.7 Hz, 2H), 1.64 (dd, J = 7.1, 3.1 Hz, 3H), 1.25 
(t, 7.1 Hz, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 206.74, 170.10, 166.27, 142.99, 124.66, 85.88, 
83.90, 61.54, 57.30, 51.50, 35.00, 32.65, 14.16, 14.05, 14.04 
 
IR (Thin film, cm-1)  
2983, 2952, 2873, 2858, 1723, 1658, 1436, 1367, 1341, 1270, 1240, 1169, 1095, 1073, 1035, 
1019, 981, 927, 859, 802 ,708, 589, 528, 420 
 
LRMS (ESI) Calcd. for C17H24O6+H: 325.17, Found 325.21 
 
 
 
A solution of the malonate75 (595 mg, 2.15 mmol) in THF (10.8 mL) was slowly added to a 0 ºC 
suspension of NaH (94.8 mg, 2.37 mmol) in THF (10.8 mL).  The reaction was aged at 0 ºC for 
30 minutes before adding a solution of the mesylate (386 mg, 2.37 mmol) in THF (1.0 mL).  The 
EtO2C
EtO2C H
+
EtO2C
EtO2C
NaH
THF, 0 ºC to 60 ºC
Me
Me
MsO
1m
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reaction was then aged at 0 ºC for 5 minutes, warmed to rt, and aged for 48 hours and 55 ºC for 2 
hours.  The reaction mixture was cooled to room temperature, mixed with water, and extracted 
three times with ethyl acetate.  The combined organic layer was washed once with brine, dried 
over magnesium sulfate, filtered, and concentrated under reduced pressure to give the crude 
product.  The crude product was purified by normal phase flash chromatography on normal 
grade silica using 5% ethyl acetate/hexanes to obtain 461 mg (63% yield) of compound 1m. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 7.34–7.27 (m, 4H), 7.25–7.19 (m, 1H), 6.46 (d, J = 
15.6 Hz, 1H), 6.06 (dt, J = 15.4, 7.5 Hz, 1H), 5.08 (pt, J = 7.1, 2.3 Hz, 1H), 4.98–4.89 (m, 1H), 
4.27–4.14 (m, 4H), 2.85 (d, J = 7.7 Hz, 2H), 2.64 (dd, J = 7.9, 2.1 Hz, 2H), 1.66 (dd, J = 7.0, 3.2 
Hz, 3H), 1.26 (t, J = 7.2 Hz, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 206.70, 170.69, 170.68, 137.15, 133.95, 128.47, 
127.32, 126.16, 124.05, 85.56, 84.32, 61.27, 57.94, 35.91, 32.56, 14.28, 14.13, 14.12 
 
IR (Thin film, cm-1)  
2980, 1727, 1441, 1366, 1180, 1094, 966, 860, 740, 692, 3026, 2904, 2980, 2930, 2858, 2872, 
1965, 1598, 1495, 1462, 1441, 1387, 1322, 1288, 1268, 1237, 1180, 1094, 1072, 1023, 860, 875, 
555, 538, 491, 436 
 
LRMS (ESI) Calcd. for C21H26O4+H: 343.19, Found 343.21 
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A solution of the malonate (396 mg, 1.98 mmol) in THF (9.9 mL) was slowly added to a 0 ºC 
suspension of NaH (94.8 mg, 2.37 mmol) in THF (9.9 mL).  The reaction was aged at 0 ºC for 30 
minutes before adding a solution of the mesylate (385 mg, 2.37 mmol) in THF (0.5 mL).  The 
reaction was then aged at 0 ºC for 5 minutes, warmed to rt, and aged for 48 hours and 55 ºC for 2 
hours.  The reaction mixture was cooled to room temperature, mixed with water, and extracted 
three times with ethyl acetate.  The combined organic layer was washed once with brine, dried 
over magnesium sulfate, filtered, and concentrated under reduced pressure to give the crude 
product.  The crude product was purified by normal phase flash chromatography on normal 
grade silica using 2% ethyl acetate/hexanes to obtain 210 mg (40% yield) of compound 1n. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.72–5.61 (m, 1H), 5.15– 5.08 (m, 2H), 5.08–5.01 
(m, 1H), 4.92–4.84 (m, 1H), 4.24–4.13 (m, 4H), 2.69 (d, J = 7.6, 2H), 2.61–2.56 (m, 2H), 1.63 
(dd, J = 7.0, 3.2 Hz, 3H), 1.25 (t, J = 7.2 Hz, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 206.67, 170.68, 170.67, 132.40, 119.10, 85.47, 
84.23, 61.21, 57.59, 36.49, 32.22, 14.22, 14.10, 14.09 
 
IR (Thin film, cm-1) 
3079,2981,2930,2905,2873,2859,1966,1729,1641,1463,1441,1388,1366,1323,1244,1207,1184,1
139,1095,1073,1023,919,859,706,652,539 
EtO2C
EtO2C H
+
EtO2C
EtO2C
NaH
THF, 0 ºC to 60 ºC
Me
Me
MsO
1n
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LRMS (ESI) Calcd. for C15H22O4+H: 267.16, Found 267.12 
 
Chapter 1.  [2+2+2] cycloaddition reactions. 
Representative experimental procedure for ene-allene-alkene [2+2+2] 
In the glovebox, a solution of the exogenous alkene (0.24 mmol, 5 equiv) in benzene (96.7 µL) 
was added to a mixture of Ni(COD)2 (0.0048 mmol, 0.1 equiv) and tri(o–tolyl)phosphine (0.0096 
mmol, 0.2 equiv) in benzene (714 µL).  The mixture was pre–equilibrated for 2 minutes.  A 
solution of substrate (0.048 mmol, 1 equiv) in benzene (595 µL) was taken up in a syringe and 
outside of the glovebox, slowly added to a 45 °C mixture of the catalyst and acrylate at a rate of 
8 µL/min with the aid of a syringe pump.  The reaction mixture was aged overnight.  The 
reaction mixture was then diluted with dichloromethane and filtered through a silica pad.  The 
silica pad was washed with ~15 mL of diethyl ether and the filtrate layer concentrated under 
reduced pressure to give the crude product.  The crude product was purified by flash 
chromatography using ethyl acetate and hexanes.  Solvent systems varied from 7% to 25% Ethyl 
Acetate in Hexanes.  Stereochemical assignments were based on HMQC, HMBC, COSY, and 
NOESY spectra (included).  
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol), tert–butyl acrylate (31.0 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tri(o–tolyl)phosphine (2.9 mg, 0.0097 mmol) 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
CO2tBuEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1a 2a
+
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were employed to produce, after flash chromatography (15% ethyl acetate in hexanes) 19.1 mg 
(90% yield) of compound 2a. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 4.86 (br. s., 2H), 4.30–4.13 (m, 4H), 3.69 (s, 3H), 
2.81 (dt, J = 14.4, 7.3 Hz, 1H), 2.51–2.43 (m, 2H), 2.59–2.51 (m, 2H),  2.43– 2.19 (m, 5H), 1.42 
(s, 9H), 1.30–1.22 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 175.01 (s), 172.85 (s), 172.72 (s), 172.37 (s), 
144.15 (s), 111.98 (s), 81.06 (s), 61.83 (s), 61.80 (s), 58.99 (s), 51.87 (s), 47.16 (s), 46.71 (s), 
45.90 (s), 43.55 (s), 37.95 (s), 37.82 (s), 32.61 (s), 28.07 (s), 14.16 (s) 
 
IR (Thin film, cm-1) 3075, 2980, 1731, 1651, 1448, 1391, 1367, 1260, 1178, 1159, 1116, 1068, 
1032, 957, 903, 849, 755, 583 
 
LRMS (ESI) Calcd. for C23H34O8+H: 439.24, Found 439.19 
 
 
Following the general procedure, 1b (15.0 mg, 0.043 mmol), tert–butyl acrylate (27.3 mg, 0.21 
mmol), Ni(COD)2 (1.2 mg, 0.0043 mmol), and tri(o–tolyl)phosphine (2.6 mg, 0.0085 mmol) 
.
EtO2C
EtO2C
CO2tBu
H
H
CO2tBu
CO2tBuEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1b 2b
+
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were employed to produce, after flash chromatography (10–15% ethyl acetate in hexanes) 12.3 
mg (60% yield) of compound 2b.  
 
1H NMR (600 MHz, Chloroform-d) δ 4.84 (br. s, 2H), 4.30 – 4.14 (m, 4H), 2.79 (dt, J = 13.4, 
6.9 Hz, 1H), 2.56 – 2.36 (m, 6H), 2.28 (t, J = 13.2 Hz, 1H), 2.23–2.13 (m, 2H), 1.46–1.42 (m, 
18H), 1.31 – 1.22 (m, 6H) 
 
13C NMR (151 MHz, Chloroform-d) δ 173.42 (s), 173.02 (s), 172.75 (s), 172.05 (s), 144.44 (s), 
111.50 (s), 80.61 (s), 80.58 (s), 61.60 (s), 59.00 (s), 47.14 (s), 46.61 (s), 46.57 (s), 43.29 (s), 
37.81 (s), 37.40 (s), 32.91 (s), 29.70 (s), 28.04 (s), 28.01 (s), 14.06 (s), 14.01 (s) 
 
IR (Thin film, cm-1) 3438, 3075, 2978, 2930, 2853, 1731, 1650, 1457, 1391, 1367, 1344, 1260, 
1209, 1163, 1116, 1068, 1033, 978, 956, 900, 849, 761, 739, 582, 554 
 
LRMS (ESI) Calcd. for C26H40O8+H: 481.28, Found 481.21 
 
  
Following the general procedure, 1c (10.0 mg, 0.055 mmol), tert–butyl acrylate (35.2 mg, 0.27 
mmol), Ni(COD)2 (1.5 mg, 0.0055 mmol), and tri(o–tolyl)phosphine (3.3 mg, 0.011 mmol) were 
employed to produce, after flash chromatography (10% ethyl acetate in hexanes) 6.8 mg (41% 
yield) of compound 2c.  
O
.
CO2Et
O
H
H
CO2Et
CO2tBuNi(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1c 2c
+
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1H NMR (600 MHz, CHLOROFORM-d) δ ppm 4.93 (s, 1 H), 4.91 (s, 1 H), 4.23 - 4.16 (m, 1 
H), 4.16 - 4.09 (m, 1 H), 4.07 (d, J=8.69 Hz, 1 H), 3.88 (t, J=8.84 Hz, 1 H), 3.78 (dd, J=8.83, 
4.55 Hz, 1 H), 3.63 (dd, J=10.29, 8.61 Hz, 1 H), 3.13 - 3.05 (m, 1 H), 2.72 - 2.59 (m, 2 H), 2.50 
(dd, J=13.88, 3.11 Hz, 1 H), 2.39 - 2.32 (m, 1 H), 2.26 (t, J=13.28 Hz, 1 H), 1.44 (s, 9 H), 1.27 
(t, J=7.13 Hz, 3 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 174.17 (s), 172.71 (s), 141.86 (s), 113.16 (s), 
81.00 (s), 72.36 (s), 69.58 (s), 60.74 (s), 46.57 (s), 46.22 (s), 44.70 (s), 43.63 (s), 32.96 (s), 27.96 
(s), 14.19 (s) 
 
IR (Thin film, cm-1) 3076, 2978, 2929, 2870, 1732, 1650, 1456, 1392, 1367, 1334, 1274, 1256, 
1155, 1097, 1068, 1033, 971, 898, 847, 800, 728, 590 
 
LRMS (ESI) Calcd. for C17H26O5+H: 311.19, Found 311.17 
 
Following the general procedure, 1d (15.0 mg, 0.047 mmol), tert–butyl acrylate (27.9 mg, 0.23 
mmol), Ni(COD)2 (1.3 mg, 0.0047 mmol), and tri(o–tolyl)phosphine (2.8 mg, 0.0093 mmol) 
were employed to produce, after flash chromatography (25% to 40% ethyl acetate in hexanes) 
7.0 mg (33% yield) of compound 2d. 
 
TsN
.
CO2Me
TsN
H
H
CO2Me
CO2tBuNi(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1d 2d
+
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1H NMR (400 MHz, CHLOROFORM-d) δ 7.75 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 
4.88 (s, 1H), 4.84 (s, 1H), 3.67 (s, 3H), 3.56 (d, J = 10.5 Hz, 1H), 3.37 (dd, J = 10.1, 9.0 Hz, 1H), 
3.27 (dd, J = 10.5, 4.8 Hz, 1H), 3.13 (t, J = 10.5 Hz, 1H), 2.85 (td, J = 10.3, 4.4 Hz, 1H), 2.47–
2.41 (m, 5H), 2.32 – 2.26 (m, 2H), 2.14 (t, J = 13.4 Hz, 1H), 1.40 (s, 9H) 
 
 
Following the general procedure, 1e (10.0 mg, 0.055 mmol), tert–butyl acrylate (35.6 mg, 0.28 
mmol), Ni(COD)2 (4.6 mg, 0.015 mmol), and tri(o–tolyl)phosphine (5.1 mg, 0.015 mmol) were 
employed to produce, after flash chromatography (4% ethyl acetate in hexanes) 8.8 mg (52% 
yield) of compound 2e as an inseparable mixture with other minor, unidentified compounds.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 4.81 - 4.76 (m, 2 H), 4.21 - 4.14 (m, 1 H), 
4.14 - 4.07 (m, 1 H), 2.65–2.54 (m, 2 H), 2.44 (dd, J=13.83, 3.86 Hz, 1 H), 2.38 (t, J=11.67 Hz, 
1 H), 2.27 (t, J=13.18 Hz, 1 H), 2.10 (dt, J=11.76, 5.98 Hz, 1 H), 1.88 - 1.79 (m, 1 H), 1.79 - 
1.72 (m, 1 H), 1.72 - 1.59 (m, 4 H), 1.42 (s, 9 H), 1.25 (t, J=7.15 Hz, 3 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 174.73 (s), 173.33 (s), 146.66 (s), 110.14 (s), 
80.71 (s), 60.34 (s), 47.79 (s), 47.26 (s), 45.93 (s), 44.13 (s), 32.85 (s), 29.78 (s), 29.14 (s), 27.99 
(s), 22.45 (s), 14.26 (s) 
 
.
CO2Et
H
H
CO2Et
CO2tBuNi(COD)2 (0.3 equiv)
P(2–MePh)3 (0.3 equiv)
Benzene, 45 °C
OtBu
O
1e 2e
+
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IR (Thin film, cm-1) 3439, 3072, 2956, 2874, 1731, 1650, 1456, 1392, 1367, 1337, 1255, 1158, 
1095, 1039, 975, 893, 847, 803, 742, 586 
 
LRMS (ESI) Calcd. for C18H28O4+H: 309.21, Found 309.16 
 
Following the general procedure, 1f (15.0 mg, 0.039 mmol), tert–butyl acrylate (24.9 mg, 0.19 
mmol), Ni(COD)2 (1.1 mg, 0.0039 mmol), and tri(o–tolyl)phosphine (2.4 mg, 0.0078 mmol) 
were employed to produce, after flash chromatography (10% acetone in hexanes) 10.3 mg (51% 
yield) of compound 2f.  
 
1H NMR (600 MHz, Chloroform-d) δ 7.96 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 4.92 (s, 
1H), 4.87 (s, 1H), 4.30–4.19 (m, 2H), 4.19–4.10 (m, 2H), 3.91 (s, 3H), 2.96–2.92 (td, J = 10.0, 
6.2 Hz, 1H), 2.78 (t, J = 10.6 Hz, 1H), 2.59–2.51 (m, 2H), 2.48–2.39 (m, 3H), 2.29–2.22 (m, 
1H), 2.14 (d, J = 14.4 Hz, 1H), 2.06 (dd, J = 14.8, 7.3 Hz, 1H), 1.28 (t, J = 7.2 Hz, 3H) 1.21 (t, J 
= 7.2 Hz, 3H), 1.07 (s, 9H) 
 
13C NMR (151 MHz, Chloroform-d) δ 173.00 (s), 172.70 (s), 172.57 (s), 167.07 (s), 147.30 (s), 
144.80 (s), 129.43 (s), 129.11 (s), 128.52 (s), 111.67 (s), 80.34 (s), 61.61 (s), 61.50 (s), 58.70 (s), 
.
EtO2C
EtO2C
H
H
CO2tBuEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
1f 2f
+
OtBu
O
CO2Me
CO2Me
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52.02 (s), 51.17 (s), 47.59 (s), 47.47 (s), 46.48 (s), 38.03 (s), 37.41 (s), 33.72 (s), 27.60 (s), 14.10 
(s), 13.97 (s) 
 
IR (Thin film, cm-1) 3436, 3072, 2979, 2933, 1726, 1650, 1610, 1576, 1437, 1420, 1391, 1367, 
1280, 1178, 1150, 1113, 1064, 1021, 961, 901, 848, 813, 769, 737, 708, 591, 542, 502 
LRMS (ESI) Calcd. for C29H38O8+H: 515.27, Found 515.26 
 
 
Following the general procedure, 1h (15.0 mg, 0.059 mmol), tert–butyl acrylate (38.1 mg, 0.30 
mmol), Ni(COD)2 (1.6 mg, 0.0059 mmol), and tri(o–tolyl)phosphine (3.6 mg, 0.012 mmol) were 
employed to produce, after flash chromatography (10–13% ethyl acetate in hexanes) 16.3 mg 
(72% yield) of compound 2h as a 1:1 mixture of diastereomers.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 4.84 (s, 1H), 4.82 (br. t, 1H), 4.80 (s, 1H), 
4.79(br. t, 1H) 4.22 - 4.15 (m, 8 H), 2.74 (dt, J=13.21, 6.79, 1 H), 2.66 (q, J=6.84Hz, 1 H), 2.60 - 
2.52 (m, 2 H), 2.50 - 2.38 (m, 3 H), 2.38 - 2.22 (m, 7 H), 2.22 - 2.05 (m, 4 H 1.91–1.83 (m, 1H), 
1.83–1.77 (m, 1H), 1.70–1.62 (m, 1H), 1.44 (s, 9 H) 1.43 (s, 9 H), 1.38–1.29 (m, 1H), 1.27–1.22 
(m, 12 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 174.28 (s), 174.06 (s), 173.04 (s), 172.94 (s), 
172.56 (s), 172.46 (s), 145.96 (s), 144.94 (s), 111.07 (s), 110.74 (s), 80.14 (s), 80.10 (s), 61.46 
.
EtO2C
EtO2C
H
H
CO2tBuEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °COtBu
O
1h
2h
50:50 dr
+
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(s), 61.38 (s), 59.03 (s), 58.75 (s), 46.80 (s), 45.32 (s), 44.75 (s), 40.90 (s), 40.59 (s), 39.83 (s), 
38.81 (s), 38.01 (s), 37.40 (s), 36.32 (s), 34.94 (s), 32.74 (s), 30.85 (s), 29.67 (s), 28.82 (s), 13.99 
(s) 
 
IR (Thin film, cm-1) 3461, 3073, 2978, 2933, 1731, 1648, 1460, 1391, 1367, 1252, 1153, 1122, 
1096, 1072, 1037, 953, 892, 857, 757, 702, 578, 522, 508 
 
LRMS (ESI) Calcd. for C21H32O6+H: 381.23, Found 381.22 
 
Following the general procedure, 1i (15.0 mg, 0.040 mmol), tert–butyl acrylate (25.4 mg, 0.20 
mmol), Ni(COD)2 (1.1 mg, 0.0040 mmol), and tri(o–tolyl)phosphine (2.4 mg, 0.0079 mmol) 
were employed to produce, after flash chromatography (10–15% ethyl acetate in hexanes) 12 mg 
(65% yield) of compound 2i.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 4.88 (m, 2 H), 4.64 - 4.55 (m, 1 H), 4.41 - 
4.33 (m, 1 H), 4.29 - 4.15 (m, 4 H), 2.83 (ddd, J=13.42, 6.89, 6.73 Hz, 1 H), 2.65–2.51 (m, 4 H), 
2.45 (t, J=13.53, 1 H), 2.35 (dd, J = 14.89, 1.22 Hz, 1 H), 2.33–2.27 (m, 1H), 2.27– 2.22 (m, 
1H), 2.19 (dd, J = 13.85, 7.26 Hz, 1 H), 1.41 (s, 9 H), 1.30 - 1.23 (m, 6 H) 
 
.
EtO2C
EtO2C
CO2CH2CF3
H
H
CO2CH2CF3
CO2tBuEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1i 2i
+
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13C NMR (151 MHz, CHLOROFORM-d) δ ppm 172.90 (s), 172.48 (s), 172.28 (s), 172.16 (s), 
143.69 (s), 122.98 (q), 112.10 (s), 81.28 (s), 61.79 (s), 61.70 (s), 60.36 (q), 58.82 (s), 46.78 (s), 
46.56 (s), 45.58 (s), 43.49 (s), 37.63 (s), 37.42 (s), 32.34 (s), 27.92 (s), 13.99 (s), 13.91 (s) 
 
19F NMR (565 MHz, CHLOROFORM-d) d ppm -73.55 (s) 
 
IR (Thin film, cm-1) 2981, 2935, 1730, 1651, 1449, 1393, 1368, 1281, 1166, 1115, 1069, 1031, 
979, 902, 848, 649, 582, 521 
 
LRMS (ESI) Calcd. for C24H33F3O8+H: 507.22, Found 507.23 
 
 
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol), methyl acrylate (20.8 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tri(o–tolyl)phosphine (2.9 mg, 0.0097 mmol) 
were employed to produce, after flash chromatography (10–15% ethyl acetate in hexanes) 15.4 
mg (81% yield) of compound 2k.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 4.88 (s, 1 H), 4.86 (s, 1 H), 4.29 - 4.15 (m, 4 
H), 3.70 (s, 3 H), 3.67 (s, 3 H), 2.67 (td, 1 H), 2.59 (t, J=11.67 Hz, 1 H), 2.55 - 2.44 (m, 2 H), 
2.43 - 2.31 (m, 3 H), 2.31 - 2.24 (m,  2 H), 1.28 (t, J=7.22 Hz, 3 H), 1.25 (t, J=7.12 Hz, 3H) 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
CO2MeEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
OMe
O
1a 2k
+
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13C NMR (151 MHz, CHLOROFORM-d) δ ppm 174.90 (s), 173.94 (s), 172.53 (s) 172.30 (s), 
143.62 (s), 112.18 (s), 61.76 (s), 61.70 (s), 58.81 (s), 52.02 (s), 51.96 (s), 46.59 (s), 46.09 (s), 
45.61 (s), 43.44 (s), 37.90 (s), 37.69 (s), 32.28 (s), 14.03 (s) 
 
IR (Thin film, cm-1) 3853, 3750, 3649, 2953, 1733, 1652, 1558, 1541, 1507, 1437, 1366, 1261, 
1178, 1115, 1068, 1018, 902, 860, 505 
 
LRMS (ESI) Calcd. for C20H28O8+H: 397.19, Found 397.17 
 
 
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol), naphthyl acrylate (47.9 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tri(o–tolyl)phosphine (2.9 mg, 0.0097 mmol) 
were employed to produce, after flash chromatography (10–15% ethyl acetate in hexanes) 15.0 
mg (61% yield) of compound 2l.  
 
1H NMR (600 MHz, Chloroform-d) δ 7.88 – 7.83 (m, 2H), 7.80 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 
2.4 Hz, 1H), 7.52 – 7.45 (m, 2H), 7.20 (dd, J = 8.8, 2.3 Hz, 1H), 4.96 (m, 2H), 4.31 – 4.17 (m, 
4H), 3.7 (s, 3H), 3.02–2.95 (m, 1H ), 2.91 (dt, J = 12.9, 7.0 Hz, 1H), 2.81–2.73 (m, 2H), 2.61–
.
EtO2C
EtO2C
CO2Me
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
O
O
1a
2l
+
H
H
MeO2C
EtO2C
EtO2C
O
O
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2.51 (m, 2H),  2.48 (dd, J = 14.9, 1.4 Hz, 1H), 2.45 – 2.36 (m, 2H), 2.33 (dd, J = 13.9, 7.5 Hz), 
1.28 (m, 6H). 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 174.71, 172.49, 172.29, 148.17, 143.29, 
133.68, 131.48, 129.42, 127.75, 127.64, 126.57, 125.74, 120.86, 118.38, 112.55, 61.79, 61.72, 
58.83, 52.11, 46.59, 46.29, 45.64, 43.40, 37.97, 37.71, 32.32, 14.02 
 
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol), vinyl sulfone (40.7 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tri(o–tolyl)phosphine (2.9 mg, 0.0097 mmol) 
were employed to produce, after flash chromatography (10–25% ethyl acetate in hexanes) 17.0 
mg (74% yield) of compound 2n.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 7.91 (dd, J=8.53, 1.29 Hz, 2 H), 7.70 (tt, 
J=7.48, 1.21 Hz, 1 H), 7.60 (t, J=7.81 Hz, 2 H), 4.88 (s, 1 H), 4.81 (s, 1 H), 4.27 - 4.12 (m, 4 H), 
3.74 (s, 3 H), 3.50 (td, J=11.86, 4.73 Hz, 1 H), 2.77 (ddd, J=13.52, 7.06, 6.78 Hz, 1 H), 2.60 (t, 
J=11.58 Hz, 1 H), 2.53 - 2.42 (m, 2 H), 2.39 - 2.26 (m, 3 H), 2.22 (dd, J=13.61, 7.34 Hz, 1 H), 
2.09 (t, J=13.41 Hz, 1 H), 1.28 (t, J=7.15 Hz, 3 H), 1.23 (t, J=7.10 Hz, 3 H) 
 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
SO2PhEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
P(2–MePh)3 (0.2 equiv)
Benzene, 45 °C
S
1a 2n
O
O
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13C NMR (151 MHz, CHLOROFORM-d) δ ppm 173.59 (s), 172.11 (s), 171.87 (s), 141.40 (s), 
136.73 (s), 133.98 (s), 129.37 (s), 129.15 (s), 113.41 (s), 64.64 (s), 61.81 (s), 61.73 (s), 58.92 (s), 
52.41 (s), 46.00 (s), 44.55 (s), 43.28 (s), 37.81 (s), 37.28 (s), 29.40 (s), 13.99 (s), 13.96 (s) 
 
IR (Thin film, cm-1) 3069, 2982, 2953, 2359, 1731, 1653, 1585, 1447, 1366, 1307, 1264, 1179, 
1148, 1115, 1086, 1067, 1041, 909, 860, 816, 757, 719, 691, 631, 586, 570, 553 
 
LRMS (ESI) Calcd. for C24H30O8S+H: 479.18, Found 479.16 
 
 
Following the general procedure, 1d (15.0 mg, 0.047 mmol), indene (27.1 mg, 0.23 mmol), 
Ni(COD)2 (3.2 mg, 0.012 mmol), and tributylphosphine (4.7 mg, 0.023 mmol) were employed to 
produce, after flash chromatography (10–20% acetone in hexanes) 6.85 mg (34% yield) of 
compound 2p and 7.4 mg (36% yield) of compound 3k.  
 
2p: 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 7.71 (d, J=8.16 Hz, 2H), 7.30 (d, J=7.99 Hz, 
2H), 7.23–7.16 (m, 2H), 7.11 (t, J=7.37 Hz, 1H), 6.99 (d, J=7.41 Hz), 4.97 (s, 1H), 4.82 (s, 1H), 
3.67 (s, 3H), 3.50 (dd, J=10.27, 8.28 Hz, 1H), 3.47–3.39 (m, 2H), 3.28–3.18 (m, 2H), 3.08 (dd, 
J=15.75, 8.33 Hz, 1H), 3.04–2.98 (m, 2H), 2.88 (dd, J=15.69, 9.66 Hz, 1H), 2.69–2.61 (m, 1H), 
2.4 (s, 3H), 1.94 (t, J=11.58 Hz, 1H) 
TsN
.
CO2Me
TsN
H
H
MeO2C
Ni(COD)2 (0.25 equiv)
PBu3 (0.50 equiv)
Benzene, 45 °C
1d 2p
+
TsN
Me
H
H
3k
H
H
MeO2C
+
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13C NMR (151 MHz, CHLOROFORM-d) δ ppm 175.05 (s), 144.50 (s), 143.76 (s), 143.63 (s), 
141.97 (s), 133.14 (s), 129.65 (s), 127.56 (s), 127.41 (s), 126.42 (s), 124.56 (s), 124.24 (s), 
112.35 (s), 51.74 (s), 50.20 (s), 47.70 (s), 46.51 (s), 44.76 (s), 43.06 (s), 41.90 (s), 37.16 (s), 
21.52 (s) 
 
IR (Thin film, cm-1) 3649, 3567, 2924, 2853, 1732, 1646, 1598, 1558, 1507, 1477, 1458, 1436, 
1346, 1305, 1290, 1270, 1194, 1164, 1092, 1042, 903, 816, 754, 736, 710, 664, 613, 592, 549 
 
LRMS (ESI) Calcd. for C24H30O8S+H: 438.18, Found 438.07 
 
3k: 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 7.78 (d, J=8.15 Hz, 2H), 7.42 (d, J=7.75 Hz, 
1H), 7.38 (d, J=8.05 Hz, 2H), 7.28 (d, J=7.36 Hz, 1H), 7.20 (t, J=7.36 Hz, 1H), 7.11 (td, J=7.62, 
0.87 Hz, 1H) 6.78 (m, 2H) 4.25–4.19 (m, 1H), 3.68 (dd, J=10.62, 7.77 Hz, 1H), 3.59 (dd, 
J=10.42, 5.31 Hz, 1H), 3.50 (s, 3H), 3.47 (dd, J=10.42, 7.47 Hz, 1H), 3.25 (dd, J=10.67, 6.34 
Hz, 1H), 3.08–3.00 (m, 1H), 2.47 (s, 3H), 2.32 (dd, J=16.66, 4.47 Hz, 1H), 2.17–2.09 (m, 4H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 172.22 (s), 144.45 (s), 143.84 (s), 141.80 (s), 
140.07 (s), 134.33 (s), 133.30 (s), 130.44 (s), 129.85 (s), 127.58 (s), 127.48 (s), 126.99 (s), 
125.24 (s), 123.28 (s), 121.49 (s), 52.75 (s), 51.72 (s), 50.18 (s), 43.70 (s), 38.07 (s), 33.83 (s), 
21.60 (s), 19.26 (s) 
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IR (Thin film, cm-1) 2952, 2923, 1735, 1615, 1598, 1450, 1437, 1376, 1345, 1262, 1163, 1091, 
1041, 817, 756, 728, 709, 665, 601, 548, 506 
 
LRMS (ESI) Calcd. for C24H30O8S+H: 438.18, Found 438.14 
 
 
Chapter 2.   Alkenylative cyclization reactions. 
Representative experimental procedure alkenylative cyclizations 
In the glovebox, a solution of the exogenous alkene (0.24 mmol, 5 equiv) in benzene (96.7 µL) 
was added to a mixture of Ni(COD)2 (0.0048 mmol, 0.1 equiv) and tributylphosphine (0.0097 
mmol, 0.2 equiv) in benzene (714 µL).  The mixture was pre–equilibrated for 2 minutes.  A 
solution of substrate (0.048 mmol, 1 equiv) in benzene (595 µL) was taken up in a syringe and 
outside of the glovebox, slowly added to a 45 °C mixture of the catalyst and acrylate at a rate of 
8 µL/min with the aid of a syringe pump.  The reaction mixture was aged to completion as 
determined by TLC.  The reaction mixture was then diluted with dichloromethane and filtered 
through a silica pad.  The silica pad was washed with ~15 mL of diethyl ether and the filtrate 
layer concentrated under reduced pressure to give the crude product.  The crude product was 
purified by flash chromatography using ethyl acetate and hexanes.  Solvent systems varied from 
7% to 40% Ethyl Acetate in Hexanes.  Stereochemical assignments were based on HMQC, 
HMBC, COSY, and NOESY spectra (included). 
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Following the general procedure, 1a (15.0 mg, 0.048 mmol), tert–butyl acrylate (31.0 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tributylphosphine (2.0 mg, 0.0097 mmol) were 
employed to produce, after flash chromatography (10–15% ethyl acetate in hexanes) 18.3 mg 
(86% yield) of compound 3a.  
 
Following the general procedure, 1 (150.0 mg, 0.48 mmol), tert–butyl acrylate (310.0 mg, 2.4 
mmol), Ni(COD)2 (26.6 mg, 0.097 mmol), and tributylphosphine (39.2 mg, 0.19 mmol) were 
employed to produce, after flash chromatography (15% ethyl acetate in hexanes) 186.0 mg (88% 
yield) of compound 20.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 7.20 (d, J=16.06 Hz, 1 H), 5.88 (d, J=16.06 
Hz, 1 H), 5.51 (s, 1 H), 5.33 (s, 1 H), 4.26 - 4.16 (m, 4 H), 3.63 (s, 3 H), 3.05 – 2.99 (m, 1 H), 
2.85 - 2.76 (m, 1 H), 2.68 (dd, J=14.24, 7.34 Hz, 1 H), 2.45 - 2.32 (m, 2 H), 2.14 (dd, J=14.48, 
3.49 Hz, 1H), 2.10 - 1.98 (m, 2 H), 1.50 (s, 9 H), 1.29 - 1.24 (m, 6 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 173.14 (s), 172.31 (s), 172.22 (s), 166.21 (s), 
145.28 (s), 142.78 (s), 123.01 (s), 120.49 (s), 80.62 (s), 61.68 (s), 57.82 (s), 51.55 (s), 42.62 (s), 
38.97 (s), 36.13 (s), 34.87 (s), 28.12 (s), 14.02 (s), 14.00 (s) 
 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
CO2tBuEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1a 3a
+
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IR (Thin film, cm-1) 3459, 2979, 2935, 2257, 1731, 1631, 1604, 1445, 1391, 1367, 1258, 1155, 
1110, 1067, 1016, 917, 860, 770, 734, 648, 607, 515 
 
LRMS (ESI) Calcd. for C23H34O8+H: 439.24, Found 439.19 
 
 
 Following the general procedure, 1d (15.0 mg, 0.047 mmol), tert–butyl acrylate (27.9 mg, 0.23 
mmol), Ni(COD)2 (1.3 mg, 0.0047 mmol), and tributylphosphine (1.9 mg, 0.0093 mmol) were 
employed to produce, after flash chromatography (25% ethyl acetate in hexanes) 18.8 mg (90% 
yield) of compound 3b. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 7.74 (d, J=8.28 Hz, 2 H), 7.35 (d, J=7.91 Hz, 
2 H), 7.14 (d, J=16.00 Hz, 1 H), 5.76 (d, J=16.00 Hz, 1 H), 5.52 (s, 1 H), 5.25 (s, 1 H), 3.62 (s, 3 
H), 3.52 (dd, J=10.54, 6.59 Hz, 1 H), 3.48 (dd, J=10.07, 7.25 Hz, 1 H), 3.39 (dd, J=9.98, 7.53 
Hz, 1 H), 3.25 (dd, J=10.54, 4.89 Hz, 1 H), 3.05 (q, J=6.90 Hz, 1 H), 2.74 - 2.67 (m, 1 H), 2.46 
(s, 3 H), 2.04 (dd, J=16.94, 4.89 Hz, 1 H), 1.85 (dd, J=17.03, 10.07 Hz, 1 H), 1.48 (s, 9 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 172.27 (s), 165.79 (s), 144.85 (s), 143.72 (s), 
141.29 (s), 133.91 (s), 129.82 (s), 127.45 (s), 123.43 (s), 120.83 (s), 80.86 (s), 52.13 (s), 51.71 
(s), 50.25 (s), 41.45 (s), 36.68 (s), 32.59 (s), 28.12 (s), 21.54 (s) 
TsN
.
CO2Me
TsN
H
H
CO2Me
CO2tBuNi(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1d 3b
+
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IR (Thin film, cm-1) 2952,1735, 1630, 1598, 1437, 1392, 1368, 1346, 1288, 1257, 1163, 1091, 
1047, 1015, 985, 848, 817, 736, 709, 665, 592, 549 
 
LRMS (ESI) Calcd. for C23H31NO6S+H: 450.20, Found 450.12 
 
 
 
Following the general procedure, 1c (10.0 mg, 0.055 mmol), tert–butyl acrylate (35.2 mg, 0.27 
mmol), Ni(COD)2 (1.5 mg, 0.0055 mmol), and tributylphosphine (2.2 mg, 0.011 mmol) were 
employed to produce, after flash chromatography (10% ethyl acetate in hexanes) 13.8 mg (82% 
yield) of compound 3c. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 7.23 (d, J=16.20 Hz, 1 H), 5.91 (d, J=15.60 
Hz, 1 H), 5.56 (s, 1 H), 5.36 (s, 1 H), 4.16 - 4.06 (m, 3 H), 4.02 (dd, J=8.56, 6.68 Hz, 1 H), 3.89 
(dd, J=8.56, 6.49 Hz, 1 H), 3.59 (dd, J=8.66, 6.02 Hz, 1 H), 3.21 (q, J=6.96 Hz, 1 H), 2.97 - 2.88 
(m, 1 H), 2.21 (dd, J=16.74, 5.50 Hz, 1 H), 2.13 (dd, J=16.74, 9.94 Hz, 1 H), 1.51 (s, 9 H), 1.24 
(t, J=7.13 Hz, 3 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 172.47 (s), 166.10 (s), 145.79 (s), 142.34 (s), 
123.44 (s), 120.60 (s), 80.68 (s), 72.71 (s), 71.36 (s), 60.55 (s), 42.41 (s), 37.58 (s), 33.53 (s), 
28.15 (s), 14.16 (s) 
O
.
CO2Et
O
H
H
CO2Et
CO2tBuNi(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
OtBu
O
1c 3c
+
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IR (Thin film, cm-1) 2978, 2931, 2870, 1733, 1712, 1630, 1603, 1478, 1457, 1415, 1392, 1368, 
1316, 1284, 1256, 1155, 1095, 1071, 1031, 984, 910, 850, 771 
 
LRMS (ESI) Calcd. for C17H26O5+H: 311.19, Found 311.21 
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol), cyclopentene (16.4 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tributylphosphine (2.0 mg, 0.0097 mmol) were 
employed to produce, after flash chromatography (10% acetone in hexanes) 9.0 mg (49% yield) 
of compound 3d as an inseparable mixture with other minor, unidentified compounds.  
Stereochemical assignment was made based on analogy to compound 3k. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.83–5.79 (m, 1H), 5.67–5.62 (m, 1H), 4.98 (s, 
1H), 4.77 (s, 1H), 4.27–4.15 (m, 4H), 3.66 (s, 3H), 3.29–3.23 (m, 1H), 2.76–2.65 (m, 2H), 2.56 
(dd, J = 14.4, 7.1 Hz 1H), 2.53–2.34 (m, 3H), 2.34–2.20 (m, 5H), 2.20–2.03 (m, 3H), 1.70–1.59 
(m, 2H), 1.28–1.22 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 173.68, 172.72, 172.58, 151.05, 133.37, 131.71, 
110.40, 61.58, 61.53, 57.81, 52.18, 51.51, 47.13, 39.29, 37.40, 36.86, 34.74, 32.34, 30.61, 14.02, 
14.00 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
EtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
1a 3d
+
H
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IR (Thin film, cm-1) 2952, 2849, 1732, 1640, 1438, 1367, 1257, 1178, 1107, 1071, 1028, 899, 
862, 801, 730, 513 
 
LRMS (ESI) Calcd. for C21H30O6+H: 379.21, Found 379.18 
 
   Following the general procedure, 1a (15.0 mg, 0.048 mmol), 1–Hexene (20.3 mg, 0.24 mmol), 
Ni(COD)2 (1.3 mg, 0.0048 mmol), and tributylphosphine (2.0 mg, 0.0097 mmol) were employed 
to produce, after flash chromatography (10% acetone in hexanes) 11.4 mg (60% yield) of 
compound 3e. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.25 (s, 1H), 5.07 (s, 1H), 4.96–4.92 (m, 2H), 
4.26–4.16 (m, 4H), 3.64 (s, 3H), 3.05  (ddd, J=13.2, 6.9 1H), 2.75–2.67 (m, 1H), 2.63 (dd, J = 
14.4, 7.2 Hz 1H), 2.38 (dd, J=13.2, 6.0 Hz 1H), 2.33 (d, J=12.6 Hz, 1H), 2.31–2.16 (m, 2H), 
2.12 (td, J=15.3, 3.4 Hz, 2H), 1.99 (dd, J=15.9,11.7 Hz, 1H), 1.45–1.28 (m, 6H), 1.28–1.23 (m, 
6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 173.62, 172.59, 172.48, 148.13, 146.06, 112.40, 
112.15, 61.58, 61.55, 57.92, 51.47, 43.84, 38.88, 36.71, 36.35, 34.64, 34.09, 30.77, 29.70, 22.53, 
14.01, 13.94 
.
EtO2C
EtO2C
CO2Me
H
H
EtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
nBu
1a 3e
+
nBu
MeO2C
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IR (Thin film, cm-1) 2956, 2927, 2856, 1733, 1596, 1464, 1367, 1259, 1179, 1106, 1027, 896, 
862 
 
LRMS (ESI) Calcd. for C22H34O6+H: 395.25, Found 395.23 
 
   
Following the general procedure, 1a (15.0 mg, 0.048 mmol), acrylonitrile (12.8 mg, 0.24 mmol), 
Ni(COD)2 (1.3 mg, 0.0048 mmol), and tributylphosphine (2.0 mg, 0.0097 mmol) were employed 
to produce, after flash chromatography (15% ethyl acetate in hexanes) 11 mg (61% yield) of 
compound 3f. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 7.03 (d, J=16.75 Hz, 1 H), 5.54 (s, 1 H), 5.45 
(d, J=16.20 Hz, 1 H), 5.42 (s, 1 H), 4.26 - 4.16 (m, 4 H), 3.65 (s, 3 H), 2.99 - 2.91 (m, 1 H), 2.79 
- 2.70 (m, 1 H), 2.65 (dd, J=14.40, 7.80 Hz, 1 H), 2.44 (dd, J=13.50, 6.30 Hz, 1 H), 2.39 - 2.32 
(m, 1 H), 2.15 (dd, J=14.31, 3.60 Hz, 1 H), 2.04 (d, J=3.19 Hz, 1 H), 2.03 (s, 1 H), 1.28–1.24 (m, 
6 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 172.65 (s), 172.08 (s), 172.03 (s), 152.20 (s), 
142.59 (s), 124.38 (s), 117.71 (s), 97.35 (s), 61.79 (s), 57.81 (s), 51.64 (s), 42.04 (s), 39.19 (s), 
36.40 (s), 36.38 (s), 34.92 (s), 14.00 (s), 13.99 (s) 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
CN
EtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
CN
1a 3f
+
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IR (Thin film, cm-1) 2982, 2953, 2360, 2223, 1730, 1625, 1594, 1439, 1367, 1259, 1182, 1111, 
1065, 1016, 861, 735 
 
LRMS (ESI) Calcd. for C19H25NO6+H: 364.18, Found 364.19 
 
 
 
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol), vinyl sulfone (40.7 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tributylphosphine (2.0 mg, 0.0097 mmol) were 
employed to produce, after flash chromatography (15% to 25% ethyl acetate in hexanes) 9.2 mg 
(40% yield) of compound 3g. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 7.90 (d, J = 7.4 Hz, 2H), 7.63 (tt, J = 7.45, 1.2Hz, 
1H), 7.56 (t, J = 7.7 Hz, 2H), 7.30 (d, J = 15.0 Hz, 1H), 6.42 (d, J = 15.4 Hz, 1H), 5.66 (s, 1H), 
5.48 (s, 1H), 4.24 – 4.14 (m, 4H), 3.58 (s, 3H), 2.90 (dt, J = 12.9, 6.7 Hz, 1H), 2.70 (pd, J = 7.5, 
4.0 Hz, 1H), 2.61 (dd, J = 14.4, 7.4 Hz, 1H), 2.41 (dd, J = 13.6, 6.5 Hz, 1H), 2.35 (d, J = 12.0 
Hz, 1H), 2.13 (dd, J = 14.4, 4.0 Hz, 1H), 2.01 (d, J = 7.6 Hz, 2H), 1.28 – 1.19 (m, 6H). 
 
 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
SO2PhEtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
SO2Ph
1a 3g
+
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Following the general procedure, 1a (15.0 mg, 0.048 mmol), 4–MethylStyrene (28.6 mg, 0.24 
mmol), Ni(COD)2 (1.3 mg, 0.0048 mmol), and tributylphosphine (2.0 mg, 0.0097 mmol) were 
employed to produce, after flash chromatography (10% acetone in hexanes) 13.6 mg (66% yield) 
of compound 3i. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 7.32 (d, J = 8.4 Hz, 2H), 7.14 (d, J = 7.8 Hz, 2H), 
6.74 (d, J = 16.8 Hz, 1H), 6.59 (d, J = 16.2 Hz, 1H), 5.29 (s, 1H), 5.06 (s, 1H), 4.27–4.17 (m, 
4H), 3.58 (s, 3H), 3.18 (dt, J = 11.8, 7.1 Hz, 1H), 2.88 (dtt, J = 11.6, 7.9, 4.1 Hz, 1H), 2.73 (dd, J 
= 14.3, 7.5 Hz, 1H), 2.48–2.38 (m, 2H), 2.35 (s, 3H), 2.21–2.11 (m, 4H), 2.05 (dd, J = 16.3, 11.1 
Hz, 1H), 1.30–1.25 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 173.41, 172.45, 144.27, 137.58, 134.22, 129.92, 
129.34, 128.37, 126.43, 116.05, 61.62, 58.09, 51.45, 42.81, 39.10, 36.41, 36.36, 35.04, 21.22, 
14.05, 14.03 
 
IR (Thin film, cm-1) 2923, 2851, 1731, 1511, 1443, 1366, 1258, 1179, 1108, 1019, 965, 863, 
808, 505 
 
LRMS (ESI) Calcd. for C25H32O6+H: 429.23, Found 429.23 
 
.
EtO2C
EtO2C
CO2Me
H
H
EtO2C
EtO2C
Ni(COD)2 (0.1 equiv)
PBu3 (0.2 equiv)
Benzene, 45 °C
1a 3i
+
Me
Me MeO2C
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Following the general procedure, 1a (15.0 mg, 0.048 mmol), ethyl crotonate (27.6 mg, 0.24 
mmol), Ni(COD)2 (4.0 mg, 0.015 mmol), and tributylphosphine (5.9 mg, 0.029 mmol) were 
employed to produce, after flash chromatography (10–15% ethyl acetate in hexanes) 8.4mg (41% 
yield) of compound 3j. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 5.88 (s, 1 H), 5.49 (s, 1 H), 5.14 (s, 1 H), 4.30 
- 4.10 (m, 6 H), 3.63 (s, 3 H), 3.09 (dt, J=12.71, 6.45 Hz, 1 H), 2.75 - 2.67 (m, 1 H), 2.64 (dd, 
J=14.49, 7.34 Hz, 1 H), 2.43 (dd, J=13.27, 6.12 Hz, 1 H), 2.32 (s, 3 H), 2.18 (dd, J=14.40, 2.73 
Hz, 1 H), 2.03 (s, 1 H), 2.02 (s, 1H) 1.31 (t, J = 7.15 Hz, 3 H), 1.31– 1.24 (m, 6 H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 173.08 (s), 172.41 (s), 172.34 (s), 166.87 (s), 
154.80 (s), 148.33 (s), 116.62 (s), 116.41 (s), 61.66 (s), 59.91 (s), 57.84 (s), 51.50 (s), 43.84 (s), 
39.04 (s), 36.72 (s), 36.58 (s), 34.76 (s), 16.57 (s), 14.29 (s), 14.02 (s), 14.00 (s) 
 
IR (Thin film, cm-1) 2981,1732, 1626, 1605, 1444, 1367, 1258, 1182, 1108, 1042, 911, 864 
 
LRMS (ESI) Calcd. for C22H32O8+H: 425.22, Found 425.22 
 
 
.
EtO2C
EtO2C
CO2Me
H
H
CO2Me
CO2EtEtO2C
EtO2C
Ni(COD)2 (0.3 equiv)
PBu3 (0.6 equiv)
Benzene, 45 °C
OEt
O
1a 3j
+
Me
Me
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Chapter 3.  [2+2] Cycloaddition reactions. 
General Procedure: Representative experimental procedure for ene-allene [2+2] 
A solution of the ene–allene (1 equiv) in toluene and a mixture of Ni(COD)2 (0.1 equiv) and 1,1'-
Bis(diphenylphosphino)ferrocene (dppf) (0.1 equiv)  or Ni(COD)2 (0.1 equiv) and Xantphos (0.1 
equiv) in toluene were prepared in the glovebox.  The solution of the ene–allene in toluene was 
taken up in a syringe and outside of the glovebox, slowly added to a 100 ºC mixture of the 
catalyst in toluene at a rate of 15 µL/min (unless otherwise stated) with the aid of a syringe 
pump.  The reaction mixture was aged at 100 ºC overnight.  Unless otherwise stated, the reaction 
mixture was then diluted with dichloromethane and filtered through a silica pad; the silica pad 
was washed with ~10 mL of diethyl ether and the filtrate concentrated under reduced pressure to 
give the crude product.  The crude product was purified by flash chromatography using ethyl 
acetate and hexanes, acetone and hexanes, or diethyl ether and pentane. Stereochemical 
assignments were based on HMQC, HMBC, COSY, and NOESY spectra (included).  
 
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol, Ni(COD)2 (1.3 mg, 0.0048 mmol), 
and dppf (2.5 mg, 0.0048 mmol) were employed to produce, after flash chromatography (0–7% 
acetone in hexanes) 12.5 mg (83% yield) of compound 8a. 
 
 
 
CO2Me CO2MeH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1a 8a
EtO2C
EtO2C
EtO2C
EtO2C
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Larger scale:  
A 72% isolated yield (111.4 mg of compound 8a) was obtained when running the reaction on 
larger scale.  Following the general procedure use 1a (155.0 mg, 0.5 mmol), Ni(COD)2 (13.7 mg, 
0.050 mmol), and dppf (27.7 mg, 0.050 mmol). 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.03 (t, J = 2.5 Hz, 1H), 4.94 (t, J = 2.5 Hz, 1H), 
4.23–4.09 (m, 4H), 3.69 (s, 3H), 3.56–3.47 (m, 2H), 3.24–3.15 (m, 1H), 2.62 (dd, J = 14.1, 1.5 
Hz, 1H), 2.51 (dd, J = 13.8, 2.4 Hz, 1H), 2.45 (dd, J = 13.8, 7.8 Hz, 1H), 2.21 (dd, J = 14.0, 8.8 
Hz, 1H), 1.27–1.20 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 172.98, 172.03, 171.91, 147.76, 111.43, 63.08, 
61.81, 61.69, 52.16, 51.55, 47.15, 39.90, 39.22, 38.51, 14.15, 14.03 
 
IR (Thin film, cm-1) 3457, 2981, 2952, 2850, 1731, 1672, 1436, 1390, 1366, 1324, 1296, 1259, 
1191, 1082, 1059, 1024, 896, 862, 799, 707, 529 
 
LRMS (ESI) Calcd. for C16H22O6+H: 311.15, Found 311.15 
 
Following the general procedure, 1d (15.0 mg, 0.047 mmol), Ni(COD)2 (1.3 mg, 0.0047 mmol), 
and dppf (2.6 mg, 0.0047 mmol) were employed to produce, after flash chromatography (10–
25% ethyl acetate in hexanes) 11.9 mg (79% yield) of compound 8b.  
TsN
CO2Me
TsN
CO2MeH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1d 8b
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1H NMR (600 MHz, CHLOROFORM-d) δ 7.69 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 
5.16 (s, 1H), 5.02 (s, 1H), 3.72 (s, 3H), 3.66–3.59 (m, 2H), 3.58–3.53 (d, J = 10.1 Hz, 1H), 3.39–
3.31 (m, 1H), 3.24–3.18 (m, 1H), 2.71–2.64 (m, 2H), 2.44 (s, 3H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 171.88, 145.03, 143.98, 131.73, 129.76, 128.24, 
111.36, 53.82, 53.29, 52.28, 50.78, 45.47, 37.40, 21.69 
 
IR (Thin film, cm-1)  
2952,2922,2852,1730,1674,1596,1493,1469,1435,1343,1262,1248,1162,1110,1091,1041,1008,8
94,809,738,709,661,599,549, 431 
 
LRMS (ESI) Calcd. for C16H19NO4S+H: 322.11, Found 322.15 
 
Following the general procedure, 1c (10.0 mg, 0.055 mmol), Ni(COD)2 (1.5 mg, 0.0055 mmol), 
and dppf (3.0 mg, 0.0055 mmol) were employed to produce, after flash chromatography (the 
reaction mixture in toluene was loaded directly onto a silica gel column for purification; 10–15% 
ethyl acetate in hexanes), 7.1 mg (71% yield) of compound 8c.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.10 (t, J = 2.1 Hz, 1H), 4.96 (t, J = 1.5 Hz, 1H), 
4.25 – 4.11 (m, 2H), 4.03 (d, J = 9.2 Hz, 1H), 3.99 (d, J = 9.6 Hz, 1H), 3.58–3.52 (m, 2H), 3.51–
3.46 (m, 1H), 3.46–3.42 (m, 1H), 3.35–3.30 (m, 1H), 1.28 (t, J = 7.1 Hz, 3H) 
O
CO2Et
O
CO2EtH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1c 8c
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13C NMR (151 MHz, CHLOROFORM-d) δ 171.83, 146.74, 109.78, 74.05, 73.21, 60.96, 
50.83, 47.35, 38.92, 14.42 
IR (Thin film, cm-1) 3853, 3750, 3649, 2959, 2923, 2850, 2359, 1733, 1673, 1558, 1541, 1507, 
1458, 1368, 1334, 1262, 1243, 1179, 1158, 1068, 1040, 979, 903, 848, 722, 667, 515 
 
LRMS (ESI) Calcd. for C10H14O3+H: 183.10, Found 183.00 
 
Following the general procedure, 1e (10.0 mg, 0.055 mmol), Ni(COD)2 (1.5 mg, 0.0055 mmol), 
and dppf (3.2 mg, 0.0005 mmol) were employed to produce, after flash chromatography (the 
reaction mixture in toluene was loaded directly onto a silica gel column for purification; 0–1% 
diethyl ether in pentane), 4.7 mg (47% yield) of compound 8d.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 5.01 (t, J = 2.3 Hz, 1 H), 4.89 (t, J = 2.3 Hz, 1 
H), 4.24–4.10 (m, 2 H), 3.37–3.30 (m, 1 H), 3.17 (p, J = 3.29 Hz, 1 H), 3.07 (dt, J = 7.05, 4.65 
Hz, 1 H), 1.85–1.78 (m, 1H), 1.78–1.66 (m, 3 H), 1.65–1.50 (m, 2 H), 1.28 (t, J = 7.14 Hz, 3H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 172.62, 149.61, 108.78, 60.53, 51.14, 46.53, 
37.83, 33.12, 32.30, 24.88, 14.27 
 
IR (Thin film, cm-1) 2925, 2853, 1731, 1445, 1236, 1143, 1038, 1668, 1445, 1457, 1365, 1332, 
1307, 1266, 1171, 1159, 1095, 1110, 1038, 1016, 939, 885, 770, 714, 693, 593, 519, 506, 433 
CO2Et CO2EtH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1e 8d
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LRMS (ESI) Calcd. for C11H16O2+H: 181.13, Found 181.00 
 
Following the general procedure, 1e (15.0 mg, 0.066 mmol), Ni(COD)2 (1.8 mg, 0.0066 mmol), 
and dppf (3.6 mg, 0.0066 mmol) were employed to produce, after flash chromatography (10% 
acetone in hexanes) 6.8 mg (45% yield) of compound 8e.  
 
1H NMR (600 MHz, Chloroform-d) δ 7.31–7.18 (m, 4H), 5.11 (s, 1H), 5.08 (s, 1H), 4.30–4.18 
(m, 2H), 4.18–4.13 (m, 1H), 3.86 (bs, 1H), 3.53 (bs, 1H), 3.24 (dd, J = 16.4, 8.8 Hz, 1H), 3.07 (d, 
J = 16.4 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 172.25, 149.93, 144.23, 144.16, 127.20, 127.00, 
125.26, 125.16, 110.87, 60.83, 55.82, 45.44, 45.29, 38.74, 14.06 
 
IR (Thin film, cm-1) 2955, 2921, 2852, 1737, 1457, 1375, 1366, 1229, 1217, 1205, 1153, 1093, 
1034, 526, 512, 434, 418 
 
LRMS (ESI) Calcd. for C15H16O2+H: 229.13, Found 229.13 
 
 
CO2EtH
H
CO2Et
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1e 8e
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Following the general procedure (ene–allene added at 50 µL/min), 1f (8.0 mg, 0.027 mmol), 
Ni(COD)2 (0.75 mg, 0.0027 mmol), and dppf (1.5 mg, 0.0027 mmol) were employed to produce, 
after flash chromatography (15% ethyl acetate in hexanes) 5.6 mg (70% yield) of compound 8f. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 5.01 (s, 1H), 4.98 (s, 1H), 4.25–4.09 (m, 4H), 
3.68 (s, 1H), 3.40 (s, 1H), 3.30–3.22 (m, 1H), 2.62 (d, J = 14.0 Hz, 1H), 2.52 (d, J = 13.5 Hz, 
1H), 2.47 (dd, J = 13.7, 7.7 Hz, 1H), 2.21–2.14 (m, 4H), 1.30–1.20 m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 205.17, 171.97, 171.86, 148.91, 110.80, 62.84, 
61.67, 61.53, 60.62, 46.69, 39.66, 38.71, 36.84, 14.12, 14.01, 13.88 
 
IR (Thin film, cm-1) 2956, 2922, 2852, 1727, 1664, 1458, 1447, 1365, 1296, 1242, 1187, 1156, 
1132, 1081, 1058, 1023, 888, 861, 756, 702, 650, 622, 585, 551, 528, 498, 484, 474, 455, 435, 
428, 403 
 
LRMS (ESI) Calcd. for C16H22O5+H: 295.16, Found 295.27 
 
 
COMe COMeH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1f 8f
EtO2C
EtO2C
EtO2C
EtO2C
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Following the general procedure (ene–allene added at 50 µL/min), 1g (15.0 mg, 0.042 mmol), 
Ni(COD)2 (1.2 mg, 0.0042 mmol), and dppf (2.3 mg, 0.0042 mmol) were employed to produce, 
after flash chromatography (10–20% acetone in hexanes) 13.9 mg (93% yield) of compound 8g. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ d ppm 7.94 (d, J = 7.8 Hz, 2H), 7.58 (t, J = 7.3 Hz, 
1H), 7.49 (t, J = 7.6 Hz, 2H), 4.96 (t, J = 2.5 Hz, 1H), 4.80 (t, J = 2.4 Hz, 1H), 4.58–4.53 (m, 
1H), 4.30–4.12 (m, 4H), 3.51–3.46 (m, 1H), 3.46–3.40 (m, 1H), 2.76 (d, J = 13.9 Hz, 1H), 2.58 
(d, J = 12.2 Hz, 1H), 2.53 (dd, J = 13.8, 7.7 Hz, 1H), 2.27 (dd, J = 14.1, 8.5 Hz, 1H), 1.30 (t, J = 
7.1 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 196.87, 172.17, 171.87, 148.52, 136.22, 133.07, 
128.87, 128.62, 111.49, 62.94, 61.69, 61.60, 55.29, 46.64, 39.83, 39.06, 37.45, 14.03, 13.94 
 
IR (Thin film, cm-1) 2979, 2928, 2852, 1726, 1682, 1660, 1596, 1579, 1447, 1389, 1365, 1324, 
1294, 1243, 1183, 1080, 1057, 1013, 933, 888, 858, 846, 766, 696, 584, 538 
 
LRMS (ESI) Calcd. for C21H24O5+H: 357.17, Found 357.32 
 
COPh COPhH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1g 8g
EtO2C
EtO2C
EtO2C
EtO2C
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Following the general procedure (ene–allene added at 50 µL/min), 1h (15.0 mg, 0.054 mmol), 
Ni(COD)2 (1.5 mg, 0.0054 mmol), and dppf (3.0 mg, 0.0054 mmol) were employed to produce, 
after flash chromatography (10–25% ethyl acetate in hexanes) 11.0 mg (73% yield) of compound 
8h.  
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.15 (dt, J = 4.0, 1.9 Hz, 1H), 5.11 (td, J = 2.5, 1.6 
Hz, 1H), 4.27–4.09 (m, 4H), 3.69 (dtq, J = 7.9, 5.3, 2.7 Hz, 1H), 3.63 (ddd, J = 6.2, 4.3, 2.5 Hz, 
1H), 3.16 (tdd, J = 8.2, 4.3, 1.8 Hz, 1H), 2.69 (dd, J = 14.4, 1.8 Hz, 1H), 2.51 (d, J = 5.3 Hz, 2H), 
2.21 (dd, J = 14.4, 8.7 Hz, 1H), 1.25 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 171.65, 171.18, 143.69, 120.05, 113.76, 62.49, 
61.90, 61.82, 47.67, 40.93, 39.59, 38.97, 34.41, 13.97, 13.85 
 
IR (Thin film, cm-1) 2919, 2850, 2235, 1726, 1537, 1447, 1366, 1298, 1245, 1191, 1152, 1132, 
1095, 1073, 1058, 1018, 996, 904, 862, 761, 703, 538, 454, 431 
 
LRMS (ESI) Calcd. for C15H19NO4+Na: 300.12, Found 300.12 
 
CN CNH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1h 8h
EtO2C
EtO2C
EtO2C
EtO2C
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Following the general procedure, 1b (15.0 mg, 0.043 mmol), Ni(COD)2 (1.2 mg, 0.0043 mmol), 
and dppf (2.4 mg, 0.0043 mmol) were employed to produce, after flash chromatography (10–
13% ethyl acetate in hexanes) 9.1 mg (61% yield) of compound 8i. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 5.02 (t, J = 2.3 Hz, 1H), 4.91 (t, J = 2.5 Hz, 1H), 
4.24–4.10 (m, 4H), 3.51–3.45 (m, 1H), 3.45–3.40 (m, 1H), 3.20–3.13 (m, 1H), 2.60 (dd, J = 14.0, 
1.5 Hz, 1H), 2.51 (dd, J = 13.8, 2.1 Hz, 1H), 2.45 (dd, J = 13.7, 8.1 Hz, 1H), 2.2 (dd, J = 13.9, 
8.9 Hz, 1H), 1.45 (s, 9H), 1.28–1.21 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 171.99, 171.85, 171.57, 148.45, 110.37, 80.46, 
63.01, 61.62, 61.49, 52.67, 46.91, 39.78, 39.10, 38.05, 28.06, 14.01, 13.88 
 
IR (Thin film, cm-1) 
2977,2926,2872,2853,1725,1671,1449,1391,1366,1339,1323,1295,1243,1187,1148,1095,1080,1
057,1023,990,888,860,842,812,704,597,530,459 
 
LRMS (ESI) Calcd. for C19H28O6+H: 353.20, Found 353.17 
 
CO2tBu CO2tBuH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1b 8i
EtO2C
EtO2C
EtO2C
EtO2C
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Following the general procedure, 1i (15.0 mg, 0.040 mmol), Ni(COD)2 (1.1 mg, 0.0040 mmol), 
and dppf (2.2 mg, 0.0040 mmol) were employed to produce, after flash chromatography (2–5% 
acetone in hexanes) 6.5 mg (43% yield) of compound 8j. 
 
1H NMR (600 MHz, CHLOROFORM–d) δ 5.09 (t, J = 2.1 Hz, 1H), 5.01 (t, J = 2.0 Hz, 1H), 
4.50 (ddq, J = 60.5, 12.7, 8.4 Hz, 2H), 4.25–4.13 (m, 4H), 3.71–3.66 (m, 1H), 3.56 (dqt, J = 7.8, 
5.1, 2.6 Hz, 1H), 3.25 (tdd, J = 8.1, 4.1, 1.9 Hz, 1H), 2.68 (d, J = 15.1 Hz, 1H), 2.55 (dd, J = 
13.9, 2.1 Hz,  1H), 2.49 (dd, J = 13.9, 8.0 Hz, 1H), 2.23 (dd, J = 14.1, 8.7 Hz, 1H), 1.30 – 1.24 
(m, 6H). 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 171.79, 171.73, 170.70, 146.59, 112.10, 62.81, 
61.74, 61.64, 60.63, 60.39, 50.80, 47.09, 39.73, 38.90, 38.10, 14.01, 13.88 
 
19F NMR (600 MHz, CHLOROFORM-d) δ –73.82 
 
 
Following the general procedure (ene–allene added at 30 µL/min), 1k (15.0 mg, 0.041 mmol), 
Ni(COD)2 (1.1 mg, 0.0041 mmol), and dppf (2.2 mg, 0.0041 mmol) were employed to produce, 
CO2CH2CF3 CO2CH2CF3H
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1i 8j
EtO2C
EtO2C
EtO2C
EtO2C
COPh
COPhH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1k 8k
EtO2C
EtO2C
EtO2C
EtO2C
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after flash chromatography (0–15% ethyl acetate in hexanes) 9.6 mg (64% yield) of compound 
8k. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ 7.97 (d, J = 7.6, 2H), 7.59 (t, J = 7.3, 1H), 7.50 (t, J 
= 7.7 Hz, 2H), 4.92 (s, 1H), 4.69 (s, 1H), 4.56–4.50 (m, 1H), 4.26–4.15 (m, 4H), 3.13–3.05 (m, 
1H), 3.05–2.97 (m, 1H), 2.56 (dd, J = 14.1, 7.8 Hz, 1H), 2.13–2.06 (m, 2H), 1.97 (dd, J = 14.1, 
9.4 Hz, 1H), 1.80 (ddt, J = 15.0, 8.8, 6.5 Hz, 1H), 1.71–1.63 (m, 1H), 1.35–1.19 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ 196.76, 172.53, 171.24, 149.71, 136.74, 133.20, 
128.85, 128.65, 107.24, 61.44, 61.29, 53.76, 52.62, 36.96, 31.47, 28.89, 27.01, 22.12, 14.08, 
14.03 
 
IR (Thin film, cm-1) 2922, 2853, 1727, 1683, 1667, 1597, 1560, 1447, 1366, 1329, 1289, 1262, 
1229, 1175, 1096, 1065, 1045, 1001, 886, 855, 694, 541, 529, 471, 458, 438 
 
LRMS (ESI) Calcd. for C22H26O5+Na: 393.17, Found 393.20 
 
 
Following the general procedure, 1l (15.0 mg, 0.046 mmol), Ni(COD)2 (1.3 mg, 0.0046 mmol), 
and dppf (2.6 mg, 0.0046 mmol) were employed to produce, after flash chromatography (2–7% 
acetone in hexanes) 14.3 mg (95% yield) of compound 8l. 
CO2Me CO2MeH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1l 8l
EtO2C
EtO2C
EtO2C
EtO2C
Me
Me
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Larger scale:  
An 80% isolated yield (129.0 mg of compound 8l) was obtained when running the reaction on 
larger scale.  Following the general procedure use 1l (162.2 mg, 0.5 mmol), Ni(COD)2 (13.8 mg, 
0.050 mmol), and dppf (27.7 mg, 0.050 mmol). 
 
1H NMR (600 MHz, BENZENE-d) δ 5.47 (qt, J = 6.9, 2.4 Hz, 1H), 4.04–3.82 (m, 4H), 3.69–
3.66 (m, 1H), 3.47–4.40 (m, 1H), 3.35 (s, 3H), 3.33–3.28 (m, 1H), 2.77 (dd, J = 14.0, 2.1 Hz, 
1H), 2.70 (dd, J = 13.5, 1.5 Hz, 1H), 2.45 (dd, J = 13.6, 8.2 Hz, 1H), 2.20 (dd, J = 13.8, 8.8 Hz, 
1H), 1.41–1.29 (m, 3H), 0.93 (t, J = 7.2 Hz, 3H),  0.86 (t, J = 7.2 Hz, 3H), 
 
13C NMR (151 MHz, BENZENE-d6) δ 172.67, 171.73, 171.47, 138.04, 121.77, 63.30, 61.41, 
61.34, 51.37, 50.95, 45.25, 39.38, 38.86, 38.45, 13.97, 13.92, 13.17 
 
IR (Thin film, cm-1) 2922, 2853, 1727, 1434, 1366, 1341, 1314, 1292, 1243, 1191, 1163, 1132, 
1083, 1055, 1023, 895, 860, 808, 777, 701, 685, 615, 588, 528, 456, 434 
 
LRMS (ESI) Calcd. for C17H24O6+H: 325.17, Found 325.21 
 
 
Following general procedure 1, (R)–1l (15.0 mg, 0.046 mmol, 98% ee), Ni(COD)2 (1.3 mg, 
0.0046 mmol), and dppf (2.6 mg, 0.0046 mmol) were employed to produce, after flash 
CO2Me CO2MeH
H
10 mol % Ni(COD)2
10 mol % dppf
PhMe, 80 ºC
(R)–1l 8l* (94.5:5.5 er)
EtO2C
EtO2C
EtO2C
EtO2C
Me
Me
H
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chromatography (10–15% ethyl acetate in hexanes) 14.3 mg (87% yield, 84% ee) of compound 
8l*.   
 
1H NMR (600 MHz, BENZENE-d6) δ ppm 5.50–5.43 (m, 1 H), 4.03–3.96 (m, 1H), 3.96–3.83 
(m, 3H), 3.71–3.65 (m, 1H), 3.46–3.40 (m, 1H), 3.35 (s, 3H), 3.34–3.28 (m, 1H), 2.77 (dd, J = 
13.8, 1.4 Hz, 1H), 2.70 (dd, J = 13.6, 1.5 Hz, 1H), 2.45 (dd, J = 13.6, 8.2 Hz, 1H), 2.20 (dd, J = 
13.8, 8.7 Hz, 1H), 1.39–1.36 (m, 3H), 0.93 (t, J = 7.1 Hz, 3H), 0.86 (t, J = 7.1 Hz, 3H) 
 
13C NMR (151 MHz, BENZENE-d6) δ 172.67, 171.73, 171.47, 138.03, 121.77, 63.29, 61.41, 
61.34, 51.38, 50.95, 45.25, 39.37, 38.86, 38.45, 13.97, 13.92, 13.17 
 
IR (Thin film, cm-1) 2954, 2922, 2853, 1728, 1435, 1366, 1294, 1244, 1192, 1162, 1133, 1084, 
1056, 1024, 894, 860, 699, 654, 527, 518 
 
LRMS (ESI) Calcd. for C17H24O6+H: 325.17, Found 325.20 
 
Following the general procedure, 1m (15.0 mg, 0.056 mmol), Ni(COD)2 (1.2 mg, 0.0056mmol), 
and Xantphos (2.5 mg, 0.0056 mmol) were employed to produce, after flash chromatography (2–
5% ethyl acetate in hexanes or 2–5% acetone in hexanes) 8.6 mg (57% yield) of compound 8m 
as an inseparable mixture with other minor, unidentified compounds. 
H
H
10 mol % Ni(COD)2
10 mol % Xantphos
PhMe, 100 ºC
1m 8m
EtO2C
EtO2C
EtO2C
EtO2C
Me
Me
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1H NMR (600 MHz, BENZENE-d6) δ 7.22–7.17 (m, 4H), 7.10–7.05 (m, 1H), 5.18–5.11 (m, 
1H), 4.12–3.85 (m, 4H), 3.51–3.44 (m, 1H), 2.92 (dd, J = 13.8, 2.4 Hz, 1H), 2.83 (dd, J = 13.8, 
3.0 Hz, 1H), 2.74– 2.68 (m, 1H), 2.61 (dd, J = 13.2, 8.4 Hz, 1H), 2.38 (dd, J = 13.6, 8.6 Hz, 1H), 
1.47 (dt, J = 6.85, 1.80 Hz, 3H), 0.98 (t, J = 7.2 Hz, 3H), 0.90 (t, J = 7.2 Hz, 3H) 
 
13C NMR (151 MHz, BENZENE-d6) δ 172.07, 171.53, 145.23, 143.99, 128.76, 128.35, 127.53, 
126.31, 120.66, 63.87, 61.38, 61.30, 53.40, 45.57, 44.70, 40.55, 39.12, 14.02, 13.37 
 
IR (Thin film, cm-1)  3083, 3059, 3024, 2972, 2917, 2873, 2855, 1727, 1600, 1493, 1446, 
1365, 1295, 1237, 1191, 1153, 1133, 1077, 1057, 1022, 977, 931, 910, 861, 732, 698, 
631, 582, 561, 528, 517, 504, 470, 456 
 
LRMS (ESI) Calcd. for C21H26O4+H: 343.19, Found 343.21 
 
 
Following the general procedure, 1n (15.0 mg, 0.056 mmol), Ni(COD)2 (1.6 mg, 0.0056 mmol), 
and Xantphos (3.3 mg, 0.0056 mmol) were employed to produce, after flash chromatography (1–
2% diethyl ether in hexanes) 7.2 mg (48% yield) of compound 8n. 
 
 
 
H
H
10 mol % Ni(COD)2
10 mol % Xantphos
PhMe, 100 ºC
1n 8n
EtO2C
EtO2C
EtO2C
EtO2C
Me
Me
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Larger scale:  
A 69% isolated yield (69.0 mg of compound 8n) was obtained when running the reaction on 
larger scale.  Following the general procedure use 1n (100.0 mg, 0.38 mmol), Ni(COD)2 (10.2 
mg, 0.038 mmol), and dppf (21.7 mg, 0.038 mmol). 
 
1H NMR (600 MHz, BENZENE-d6) δ ppm 5.18–5.09 (m, 1H), 4.09–3.82 (m, 4H), 3.31–3.24 
(m, 1H), 2.78 (dd, J = 13.6, 1.2 Hz, 1H), 2.69 (dd, J = 13.4, 1.8 Hz, 1H), 2.63–2.56 (m, 3H), 
2.49–2.41 (m, 1H), 2.21 (dd, J = 13.5, 8.7 Hz, 2H), 1.43–1.40 (m, 3H), 0.97 (t, J = 6.9 Hz, 3H), 
0.88 (t, J = 6.9 Hz, 3H) 
 
13C NMR (151 MHz, BENZENE-d6) δ 172.24, 171.63, 142.08, 117.96, 63.53, 61.26, 61.05, 
47.87, 40.60, 40.46, 35.68, 33.25, 14.05, 14.02, 13.25 
 
IR (Thin film, cm-1) 2921, 2853, 1732, 1458, 1445, 1365, 1295, 1242, 1193, 1159, 1128, 1095, 
1058, 1041, 858, 802, 773, 721, 711, 527, 511, 436 
 
LRMS (ESI) Calcd. for C15H22O4+H: 267.16, Found 267.18 
 
 
Following the general procedure, 1q (15.0 mg, 0.046 mmol), Ni(COD)2 (1.3 mg, 0.0046 mmol), 
and dppf (2.6 mg, 0.0046 mmol) were employed to produce, after flash chromatography (0–7% 
acetone in hexanes 7.4 mg (49% yield) of compound 8q.  
CO2Me 10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1q 8q
EtO2C
EtO2C
CO2MeH
Me
Me
EtO2C
EtO2C
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1H NMR (600 MHz, CHLOROFORM-d) δ ppm 4.01–3.87 (m, 4 H), 3.40–3.32 (m, 1H), 3.29 
(s, 3 H), 3.09 (d, J = 17.18 Hz, 1 H), 3.07–2.99 (m, 1 H), 2.85 (dd, J = 12.38, 6.01 Hz, 1H), 2.65–
2.53 (m, 2 H), 2.20 (d, J = 17.07 Hz, 1H), 1.81 (dd, J = 12.38, 10.70 Hz, 1H), 1.38, (s, 3H), 0.92–
0.87 (m, 6H) 
 
13C NMR (151 MHz, CHLOROFORM-d) δ ppm 173.54, 171.91, 170.70, 120.12, 61.42, 61.34, 
61.29, 55.22, 51.27, 43.41, 42.92, 35.90, 34.19, 33.52, 16.62, 14.01, 13.97 
 
IR (Thin film, cm-1) 2954, 2923, 2872, 2852, 1729, 1436, 1366, 1348, 1301, 1248, 1198, 1174, 
1160, 1138, 1114, 1094, 1044, 1024, 932, 859, 845, 778, 702, 589, 520, 489, 476, 447, 431 
 
LRMS (ESI) Calcd. for C17H24O6+H: 325.17, Found 325.27 
 
 
Following the general procedure, 1a (15.0 mg, 0.048 mmol, Ni(COD)2 (1.3 mg, 0.0048 mmol), 
and dppe (1.9 mg, 0.0048 mmol) were employed to produce, after flash chromatography (15% 
ethyl acetate in hexanes) 12.5 mg (83% yield) of compound 9a. 
 
1H NMR (600 MHz, BENZENE-d6) δ ppm 6.23 (d, J = 10.2 Hz, 1H), 6.17 (d, J = 10.2 Hz, 1H), 
4.80 (s, 1H), 4.78 (s, 1H), 4.05–3.80 (m, 4H), 3.34–3.21 (m, 4H),  2.78 (dd, J = 13.2, 3.6 Hz, 
CO2MeCO2Me 10 mol % Ni(COD)2
10 mol % dppe
PhMe, 100 ºC
1a
EtO2C
EtO2C
EtO2C
EtO2C
9a
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1H), 2.50 (dd, J = 15.6, 6.6 Hz, 1H), 2.23 (dd, J = 15.6, 7.2 Hz, 1H), 2.09 (dd, J =12.9, 11.7 Hz, 
1H), 0.97– 0.81 (m, 6H) 
 
13C NMR (151 MHz, BENZENE-d6) δ ppm 172.05, 170.64, 169.71, 143.89, 132.34, 125.85, 
112.91, 61.70, 61.65, 56.11, 51.14, 37.82, 34.78, 33.04, 13.98, 13.92 
 
IR (Thin film, cm-1) 2952, 2919, 2850, 1730, 1640, 1602, 1437, 1367, 1243, 1191, 1159, 1117, 
1094, 1067, 1022, 890, 861, 831, 797, 700 
 
LRMS (ESI) Calcd. for C16H22O6+H: 311.15, Found 311.23 
 
 
Following the general procedure, 1p (15.0 mg, 0.044 mmol), Ni(COD)2 (1.2 mg, 0.0044 mmol), 
and dppf (2.5 mg, 0.0044 mmol) were employed to produce, after flash chromatography (15% 
ethyl acetate in hexanes) 13.8mg (92% yield) of compound 9p. 
 
1H NMR (600 MHz, CHLOROFORM-d) δ ppm 5.81 (s, 1H), 4.90 (s, 1H), 4.87 (s, 1H), 4.29–
4.09 (m, 4H), 3.69 (s, 3H), 3.20–3.09 (m, 1H), 2.69 (dd, J = 16.2, 3.0 Hz, 1H), 2.66–2.62 (m, 
2H), 2.54 (dd, J = 13.5, 6.3 Hz, 1H), 2.06 (dd, J = 16.2, 10.8 Hz, 1H), 1.94 (dd, J = 13.8, 7.2 Hz, 
1H), 1.83 (s, 3H), 1.30–1.20 (m, 6H) 
 
CO2MeCO2Me 10 mol % Ni(COD)2
10 mol % dppf
PhMe, 100 ºC
1p
EtO2C
EtO2C
EtO2C
EtO2C
9p
Me
Me
Me
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13C NMR (151 MHz, CHLOROFORM-d) δ ppm 172.96, 172.01, 170.92, 142.65, 140.03, 
122.21, 111.85, 61.56, 61.32, 52.26, 51.56, 38.65, 33.31, 30.84, 30.17, 21.47, 14.04, 13.92 
 
IR (Thin film, cm-1) 2921, 2852, 1731, 1437, 1366, 1299, 1242, 1158, 1094, 1071, 1026, 892, 
862, 824 
 
LRMS (ESI) Calcd. for C18H26O6+H: 339.18, Found 339.25 
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APPENDIX  III.   SELECT SPECTRA AND CRYSTALLOGRAPHIC DATA 
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Chapter 1.  [2+2+2] cycloaddition reactions 
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Chapter 2.   Alkenylative cyclization reactions 
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Crystal structure of compound 3k: 
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Table 1 Crystal data and structure refinement for compound 3k  
Identification code  NN03-0222-P4  
Empirical formula  C25H27NO4S  
Formula weight  437.54  
Temperature/K  100  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  11.3989(4)  
b/Å  18.1745(6)  
c/Å  11.4817(4)  
α/°  90.00  
β/°  115.679(2)  
γ/°  90.00  
Volume/Å3  2143.73(13)  
Z  4  
ρcalcmg/mm3  1.356  
m/mm-1  1.609  
F(000)  928.0  
Crystal size/mm3  0.306 × 0.299 × 0.273  
2Θ range for data collection  9.14 to 144.74°  
Index ranges  -14 ≤ h ≤ 14, -22 ≤ k ≤ 21, -13 ≤ l ≤ 13  
Reflections collected  32893  
Independent reflections  4163[R(int) = 0.0255]  
Data/restraints/parameters  4163/0/283  
Goodness-of-fit on F2  1.061  
Final R indexes [I>=2σ (I)]  R1 = 0.0427, wR2 = 0.1103  
Final R indexes [all data]  R1 = 0.0455, wR2 = 0.1124  
Largest diff. peak/hole / e Å-3  0.81/-0.56  
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for compound 19. Ueq is defined as 1/3 of of 
the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
S1 548.5(4) 2863.1(2) 6096.5(4) 22.67(13) 
O1 1240.4(13) 3255.9(7) 7281.1(13) 29.3(3) 
O2 -279.7(13) 3247.5(7) 4937.7(13) 29.5(3) 
O3 -1249.2(14) 426.3(9) 3445.4(14) 37.5(4) 
O4 -3230.9(13) 14.1(7) 3073.1(12) 29.8(3) 
N1 -361.2(15) 2261.8(8) 6378.2(14) 23.6(3) 
C1 1386.7(18) 2135(1) 4503.2(17) 25.6(4) 
C2 2255.2(19) 1696.5(10) 4266.3(17) 27.1(4) 
C3 3426.2(18) 1470.4(10) 5264.5(18) 25.4(4) 
C4 3706.5(18) 1695.1(10) 6519.0(18) 26.8(4) 
C5 2860.3(18) 2132.8(10) 6777.8(17) 24.3(4) 
C6 1689.7(17) 2354.4(9) 5763.4(16) 21.5(4) 
C7 4349(2) 992.5(11) 4973(2) 33.3(4) 
C8 264.8(19) 1842.4(10) 7613.3(17) 26.8(4) 
C9 -433.1(18) 1093.2(10) 7348.0(17) 24.0(4) 
C10 -832.2(18) 994.8(10) 5876.5(17) 24.1(4) 
C11 -1193.0(18) 1769.5(10) 5311.6(17) 25.0(4) 
C12 -1554.2(18) 1044.4(10) 7720.7(16) 24.1(4) 
C13 -2367(2) 1729.1(11) 7522(2) 31.9(4) 
C14 -1851.7(17) 419.6(10) 8177.9(16) 23.6(4) 
C15 -2989.3(18) 337.1(11) 8458.6(18) 27.2(4) 
C16 -3074.0(19) -352.7(11) 8824.3(18) 27.7(4) 
C17 -1981.5(18) -778.5(10) 8859.2(16) 23.6(4) 
C18 -1646.5(18) -1509(1) 9206.1(17) 25.2(4) 
C19 -520.3(19) -1784.3(10) 9188.0(17) 28.0(4) 
C20 250.4(19) -1336.7(10) 8823.5(18) 27.3(4) 
C21 -87.8(18) -608.9(10) 8457.2(17) 25.0(4) 
C22 -1211.8(17) -317.8(9) 8473.6(16) 22.0(4) 
C23 -1890.2(19) 430(1) 5183.7(18) 26.6(4) 
C24 -2065.8(19) 302.6(10) 3816.8(18) 26.4(4) 
C25 -3451(2) -137.3(12) 1758.0(19) 34.4(5) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for compound 3k. The 
Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+...+2hka×b×U12] 
Atom U11 U22 U33 U23 U13 U12 
S1 28.0(2) 15.3(2) 21.8(2) 0.87(15) 8.05(18) -1.60(15) 
O1 35.0(7) 20.1(6) 29.3(7) -4.2(5) 10.6(6) -4.4(5) 
O2 36.1(7) 19.6(6) 28.6(7) 5.5(5) 9.9(6) 3.1(5) 
O3 35.1(8) 51.1(9) 31.8(7) -7.4(7) 19.5(6) -2.3(7) 
O4 38.9(8) 24.9(7) 28.0(7) -5.0(5) 16.7(6) -7.1(6) 
N1 25.5(8) 22.5(7) 20.0(7) 0.3(6) 7.1(6) -2.3(6) 
C1 28.1(9) 25.4(9) 19.5(8) 3.2(7) 6.6(7) -2.4(7) 
C2 32.7(10) 27.4(9) 18.9(8) -1.2(7) 9.1(7) -4.9(8) 
C3 27.9(9) 21.4(9) 27.0(9) -0.8(7) 12.1(8) -5.8(7) 
C4 24.0(9) 26.0(9) 24.4(9) 1.4(7) 5.0(7) -4.4(7) 
C5 26.8(9) 23.1(9) 19.6(8) -2.3(7) 6.7(7) -5.9(7) 
C6 25.2(9) 16.0(8) 22.6(8) 1.5(6) 9.8(7) -3.3(6) 
C7 33.4(10) 31.7(10) 34.7(10) -4.5(8) 14.5(9) -2.0(8) 
C8 29.1(9) 26.8(9) 21.3(8) 3.2(7) 8.0(7) -4.0(7) 
C9 26.2(9) 21.2(9) 22.9(9) 3.0(7) 9.2(7) 2.7(7) 
C10 27.3(9) 22.3(9) 25.0(9) 0.1(7) 13.5(7) 0.8(7) 
C11 26.3(9) 21.9(9) 22.5(8) 0.4(7) 6.6(7) -3.0(7) 
C12 28.6(9) 22.5(9) 19.7(8) -1.3(7) 9.2(7) -1.9(7) 
C13 34.4(10) 24.4(9) 39.2(10) 3.5(8) 18.0(9) 2.6(8) 
C14 25.6(9) 24.3(9) 20.9(8) -1.9(7) 10.1(7) 1.4(7) 
C15 28.0(9) 28.0(9) 27.5(9) -0.4(7) 13.7(8) 2.9(7) 
C16 29.4(10) 30.1(10) 25.6(9) -0.3(7) 13.6(8) -1.1(8) 
C17 28.2(9) 24.2(9) 17.1(8) -2.0(7) 8.7(7) -2.6(7) 
C18 32.9(10) 21.7(9) 19.8(8) -0.4(7) 10.3(7) -5.4(7) 
C19 36.6(10) 19.9(9) 23.0(8) -0.3(7) 8.6(8) 0.7(7) 
C20 29.0(9) 26.0(9) 24.3(9) -2.3(7) 9.2(8) 2.5(7) 
C21 28.5(9) 24.2(9) 23.3(8) -2.4(7) 12.2(7) -1.5(7) 
C22 28.1(9) 19.1(8) 16.7(8) -1.2(6) 7.8(7) -1.7(7) 
C23 34.5(10) 21.2(9) 27.8(9) -3.3(7) 16.9(8) -3.5(7) 
C24 33.5(10) 19.0(8) 28.5(9) -1.6(7) 15.0(8) 2.8(7) 
C25 44.0(12) 32.5(11) 26.6(10) -5.6(8) 15.0(9) -2.3(9) 
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Table 4 Bond Lengths for compound 3k. 
Atom Atom Length/Å   Atom Atom Length/Å 
S1 O1 1.4325(13)   C9 C10 1.558(2) 
S1 O2 1.4356(13)   C9 C12 1.516(3) 
S1 N1 1.6325(15)   C10 C11 1.530(2) 
S1 C6 1.7675(18)   C10 C23 1.520(2) 
O3 C24 1.201(2)   C12 C13 1.509(3) 
O4 C24 1.336(2)   C12 C14 1.354(3) 
O4 C25 1.446(2)   C14 C15 1.473(3) 
N1 C8 1.491(2)   C14 C22 1.493(2) 
N1 C11 1.481(2)   C15 C16 1.339(3) 
C1 C2 1.387(3)   C16 C17 1.452(3) 
C1 C6 1.392(2)   C17 C18 1.391(3) 
C2 C3 1.392(3)   C17 C22 1.415(2) 
C3 C4 1.394(3)   C18 C19 1.386(3) 
C3 C7 1.509(3)   C19 C20 1.388(3) 
C4 C5 1.378(3)   C20 C21 1.391(3) 
C5 C6 1.397(2)   C21 C22 1.394(3) 
C8 C9 1.539(2)   C23 C24 1.511(2) 
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Table 5 Bond Angles for compound 3k. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 S1 O2 120.52(8)   C23 C10 C9 115.96(15) 
O1 S1 N1 106.33(8)   C23 C10 C11 113.15(15) 
O1 S1 C6 108.18(8)   N1 C11 C10 104.31(14) 
O2 S1 N1 106.88(8)   C13 C12 C9 116.54(15) 
O2 S1 C6 107.71(8)   C14 C12 C9 122.80(16) 
N1 S1 C6 106.44(8)   C14 C12 C13 120.64(17) 
C24 O4 C25 114.65(15)   C12 C14 C15 124.20(17) 
C8 N1 S1 116.56(12)   C12 C14 C22 131.39(17) 
C11 N1 S1 118.33(12)   C15 C14 C22 104.39(15) 
C11 N1 C8 110.41(14)   C16 C15 C14 110.72(17) 
C2 C1 C6 119.46(17)   C15 C16 C17 109.28(17) 
C1 C2 C3 121.29(17)   C18 C17 C16 129.96(17) 
C2 C3 C4 118.21(17)   C18 C17 C22 121.58(17) 
C2 C3 C7 119.94(17)   C22 C17 C16 108.46(16) 
C4 C3 C7 121.85(17)   C19 C18 C17 118.76(17) 
C5 C4 C3 121.54(17)   C18 C19 C20 120.28(17) 
C4 C5 C6 119.44(16)   C19 C20 C21 121.31(18) 
C1 C6 S1 120.02(14)   C20 C21 C22 119.53(17) 
C1 C6 C5 120.05(17)   C17 C22 C14 107.11(15) 
C5 C6 S1 119.80(13)   C21 C22 C14 134.35(16) 
N1 C8 C9 105.70(14)   C21 C22 C17 118.54(16) 
C8 C9 C10 101.49(14)   C24 C23 C10 111.41(15) 
C12 C9 C8 114.99(15)   O3 C24 O4 123.72(17) 
C12 C9 C10 114.43(15)   O3 C24 C23 124.44(18) 
C11 C10 C9 104.63(14)   O4 C24 C23 111.81(16) 
 
  
	   168	  
  
Table 6 Torsion Angles for compound 3k. 
A B C D Angle/˚   A B C D Angle/˚ 
S1 N1 C8 C9 -150.59(12)   C9 C12 C14 C22 2.6(3) 
S1 N1 C11 C10 126.36(13)   C10 C9 C12 C13 -81.1(2) 
O1 S1 N1 C8 -44.36(15)   C10 C9 C12 C14 97.2(2) 
O1 S1 N1 C11 -179.81(13)   C10 C23 C24 O3 22.7(3) 
O1 S1 C6 C1 -157.47(14)   C10 C23 C24 O4 -159.12(15) 
O1 S1 C6 C5 26.64(16)   C11 N1 C8 C9 -11.8(2) 
O2 S1 N1 C8 -174.29(13)   C11 C10 C23 C24 67.1(2) 
O2 S1 N1 C11 50.26(15)   C12 C9 C10 C11 87.68(18) 
O2 S1 C6 C1 -25.71(16)   C12 C9 C10 C23 -37.7(2) 
O2 S1 C6 C5 158.40(14)   C12 C14 C15 C16 176.32(18) 
N1 S1 C6 C1 88.61(15)   C12 C14 C22 C17 -176.78(18) 
N1 S1 C6 C5 -87.28(15)   C12 C14 C22 C21 4.1(3) 
N1 C8 C9 C10 29.52(18)   C13 C12 C14 C15 2.9(3) 
N1 C8 C9 C12 -94.56(17)   C13 C12 C14 C22 -179.13(17) 
C1 C2 C3 C4 0.2(3)   C14 C15 C16 C17 1.9(2) 
C1 C2 C3 C7 179.94(17)   C15 C14 C22 C17 1.47(18) 
C2 C1 C6 S1 -175.90(14)   C15 C14 C22 C21 -177.66(19) 
C2 C1 C6 C5 0.0(3)   C15 C16 C17 C18 178.50(18) 
C2 C3 C4 C5 -0.4(3)   C15 C16 C17 C22 -0.9(2) 
C3 C4 C5 C6 0.4(3)   C16 C17 C18 C19 -178.39(17) 
C4 C5 C6 S1 175.72(13)   C16 C17 C22 C14 -0.45(19) 
C4 C5 C6 C1 -0.2(3)   C16 C17 C22 C21 178.84(15) 
C6 S1 N1 C8 70.82(14)   C17 C18 C19 C20 -0.3(3) 
C6 S1 N1 C11 -64.63(14)   C18 C17 C22 C14 -179.89(15) 
C6 C1 C2 C3 0.0(3)   C18 C17 C22 C21 -0.6(3) 
C7 C3 C4 C5 179.87(17)   C18 C19 C20 C21 -0.6(3) 
C8 N1 C11 C10 -11.61(19)   C19 C20 C21 C22 1.0(3) 
C8 C9 C10 C11 -36.77(17)   C20 C21 C22 C14 178.70(18) 
C8 C9 C10 C23 -162.16(15)   C20 C21 C22 C17 -0.3(2) 
C8 C9 C12 C13 35.8(2)   C22 C14 C15 C16 -2.1(2) 
C8 C9 C12 C14 -145.89(17)   C22 C17 C18 C19 0.9(3) 
C9 C10 C11 N1 30.22(18)   C23 C10 C11 N1 157.36(14) 
C9 C10 C23 C24 -171.98(15)   C25 O4 C24 O3 -0.5(3) 
C9 C12 C14 C15 -175.32(16)   C25 O4 C24 C23 -178.66(15) 
 
  
	   169	  
  
Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for compound 3k.  
Atom x y z U(eq) 
H1 592 2285 3811 31 
H2 2047 1547 3406 33 
H4 4499 1543 7211 32 
H5 3071 2283 7638 29 
H7A 3851 675 4233 50 
H7B 4860 688 5729 50 
H7C 4936 1305 4769 50 
H8A 157 2105 8316 32 
H8B 1206 1776 7866 32 
H9 219 705 7831 29 
H10 -38 839 5778 29 
H11A -1007 1831 4551 30 
H11B -2127 1871 5050 30 
H13A -3068 1732 6642 48 
H13B -1818 2165 7652 48 
H13C -2743 1735 8145 48 
H15 -3582 721 8390 33 
H16 -3743 -535 9029 33 
H18 -2180 -1814 9451 30 
H19 -275 -2281 9426 34 
H20 1024 -1531 8824 33 
H21 443 -312 8198 30 
H23A -1658 -40 5666 32 
H23B -2722 603 5165 32 
H25A -4299 -377 1297 52 
H25B -2764 -463 1762 52 
H25C -3440 325 1324 52 
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Single crystals of C25H27NO4S, compound 3k were grown using the vial–in–vial diffusion 
method with THF and pentane. A suitable crystal was selected and analyzed on a 
Bruker APEX-II CCD diffractometer. The crystal was kept at 100 K during data 
collection. Using Olex2 [1], the structure was solved with the olex2.solve [2] structure 
solution program using Charge Flipping and refined with the XL [3] refinement package 
using Least Squares minimisation. 
1. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. 
Puschmann, OLEX2: a complete structure solution, refinement and analysis 
program. J. Appl. Cryst. (2009). 42, 339-341. 
2. olex2.solve (L.J. Bourhis, O.V. Dolomanov, R.J. Gildea, J.A.K. Howard, H. 
Puschmann, in preparation, 2011) 
3. XL, G.M. Sheldrick, Acta Cryst. (2008). A64, 112-122 
Crystal structure determination of compound 3k. 
Crystal Data for C25H27NO4S (M =437.54): monoclinic, space group P21/n (no. 14), a = 
11.3989(4) Å, b = 18.1745(6) Å, c = 11.4817(4) Å, β = 115.679(2)°, V = 2143.73(13) Å3, 
Z = 4, T = 100 K, μ(CuKα) = 1.609 mm-1, Dcalc = 1.356 g/mm3, 32893 reflections 
measured (9.14 ≤ 2Θ ≤ 144.74), 4163 unique (Rint = 0.0255) which were used in all 
calculations. The final R1 was 0.0427 (>2sigma(I)) and wR2 was 0.1124 (all data).  
This report has been created with Olex2, compiled on Dec 5 2012 16:17:34. Please let us know if there are any errors or if you would like to 
have additional featrues. 	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Chapter 3.  [2+2] Cycloaddition reactions 
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EtO2C
EtO2C
COPhH
H
EtO2C
EtO2C
COPhH
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EtO2C
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COPhH
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8l: HMQC 
CO2MeH
H
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Me
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H
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Me
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8l: NOESY 
8l: HMBC 
CO2MeH
H
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EtO2C
Me
CO2MeH
H
EtO2C
EtO2C
Me
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CO2Me
EtO2C
EtO2C
CO2MeH
H
25
EtO2C
EtO2C
Me
Proton spectrum was recorded on a Bruker model DRX 400 (1H NMR at 400 MHz) with solvent resonance as the 
internal standard for proton and carbon (1H NMR: CDCl3 at 7.27 ppm) 
 	  Crude	  1H	  NMR	  for	  the	  formation	  of	  compound	  8l*.	  	  The	  alkene	  region	  of	  the	  crude	  1H	  NMR	  does	  not	  support	  the	  formation	  of	  minor	  diastereomers.	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HPLC Spectra: 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  
CO2Me
(R)–24
EtO2C
EtO2C
Me
H
1l* 
CO2Me
24
EtO2C
EtO2C
Me
1l 
	   229	  
	  	   	  	  	  	  	  	  	   	  
 
 
 
 
    
 
 
 
 
 
 
 
 
  
CO2MeH
H
25
EtO2C
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CO2MeH
H
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Me
8l* (94.5:5.5 er) 
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